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An optical element comprises: a diffractive structure having a
plurality of diffracting ring-shaped zones arranged around an
optical axis on at least one optical surface; and an optical path
difference giving structure arranged on an optical surface of
at least one of the plurality of diffracting ring-shaped zones,
for giving a prescribed optical path difference to a prescribed
light beam passing through the diffracting ring-shaped zone,
wherein the optical surface of the diffractive structure 1s a
structure having a diffracting function for setting L-th (L=0)
order diffracted light of the light beam having the first wave-
length A1 to a maximum diffraction efficiency and for setting
M-th (M=0) order diffracted light of the light beam having the
second wavelength A2 to a maximum diffraction efficiency 1in
case ol an assumption of no existence of the optical path
difference giving structure.
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OPTICAL ELEMENT, OPTICAL OBJECTIVE
ELEMENT, AND OPTICAL PICKUP
APPARATUS HAVING DIFFRACTIVE
STRUCTURE AND OPTICAL DIFFERENCE
GIVING STRUCTURE 5
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BACKGROUND OF THE INVENTION

1. Field of the Invention

The 1nvention relates to an optical element, an objective
optical element and an optical pickup device 1n which a light
beam 1s converged on an information record plane of an
optical information recording medium.

2. Description of Related Art

Recently, because a shorter wavelength red color laser has
been practically used, a digital versatile disc (DVD) which 1s
a large capacity and high intensity optical information record-
ing medium (also called an optical disc) and has the approxi-
mately same size as a compact disc (CD), has been produced.

In a recording and reproducing device for the DVD, when
a semiconductor laser for 650 nm wavelength light 1s used, a
numerical aperture NA of an objective lens on the side of an
optical disc 1s set within an range from 0.6 to 0.65. In the
DVD, a track pitch 01 0.74 um and a shortest bit length o1 0.4
um are set to record data 1n high intensity as compared with
the CD having the track pitch of 1.6 um and the shortest bit
length of 0.83 um. Further, in the DVD, to suppress coma
occurring when an optical disc 1s inclined with respect to an

optical axis, the thickness of a protect substrate 1s set to 0.6
mm which 1s half of that of the CD.

Further, in addition to CD and DVD, various types of
optical discs such as compact disc-recordable (CD-R), CD-
rewritable (CD-RW), video disc (VD), minm disc (MD) and
magneto-optical disc (MO) corresponding to different wave-
lengths of light emitted from light sources and different val-
ues of transparent substrates 1in thickness have been put on the
market.
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Moreover, the wavelength of light emitted from the semi-
conductor laser has been shortened. Therefore, a high inten-
sity optical disc (heremafter, called “high intensity DVD”) ;g
having a protect substrate of a thickness of 0.1 mm and used
with a blue-violet semiconductor laser emitting a light having,

a wavelength of about 400 nm and an objective lens of the
heightened 1mage-side numerical aperture of approximately
0.85 has been researched and developed. Further, a high 55
intensity DVD having a protect substrate of a thickness o1 0.6
mm and used with an objective lens of the heightened 1mage-
side numerical aperture ol approximately 0.65 has been
researched and developed.

Furthermore, various types of optical pickup devices 60
respectively having an objective lens to converge light beams
of different two wavelengths on each information record
plane of two types of optical discs respectively, that 1s, the
interchangeable optical pickup devices are proposed in Pub-

lished Unexamined Japanese Patent Applications (Toku- 65
kaihe1) No. 2001-93179 (first patent literature), No. 2000-

81566 (second patent literature), No. H9-54973 (1997) (thiard

2

patent literature), No. H9-306018 (1997) (fourth patent lit-
erature) and PCT International Publication No. 98/19303
(fifth patent literature).

In each of the first and second patent literatures, an optical
pickup device having a diffraction optical element with a
plurality of diffracting ring-shaped zones formed 1n a serrate
shape 1n section 1s disclosed.

In this device, for example, a high diffraction efﬁciency 1S
obtained by setting the blaze depth of the diffracting ring-
shaped zone so as to heighten the diffraction efficiency of the
diffracted light having a prescribed order for each of two light
beams having different wavelengths, and the diffracted light
1s converged on a prescribed optical disc. Accordingly, the
recording and reproduction of information i1s performed for
two types of optical discs by using only one objective lens.

In the device disclosed 1n the first patent literature, each of
the diffracted light beams having diflerent diffraction orders,
which are caused by diffracting two light beams having dif-
ferent wavelengths, 1s converged on the prescribed optical
disc through the objective lens. Because the diffraction orders
are determined according to the difference between the wave-
lengths, the combination of the diffraction orders 1s limited,
and the correction of the axial achromatic aberration in each
of the two types of optical discs and the correction of the
spherical aberration caused by the change of temperature are
limited.

Further, 1n the device disclosed 1n the second patent litera-
ture, each of the diffracted light beams having the same dii-
fraction order, which are caused by diffracting two light
beams having different wavelengths, 1s converged on the
prescribed optical disc through the objective lens.

Diffraction efficiencies of difiracted light beams of diffrac-
tion orders ranging from minus second order to plus second
order are shown in FIG. 8 in a wavelength range of light
source from 350 nm to 800 nm when the diffracted light
beams are obtained 1n a diffraction optical element disclosed
in each of the first and second patent literatures and formed 1n
a well-known serrate shape in section.

In this diffraction optical element, the difiraction efficiency
of the —1st order diffracted light 1s set to approximately 100%
in the wavelength of around 400 nm. Therefore, 1n the wave-
length of around 650 nm used, for example, for the DVD, the
diffraction efficiency of the —1st order diffracted light 1s low-
ered to a value ranging from 50% to 60%. In this case, when
the diffraction optical element 1s used for two types of optical
discs corresponding to wavelengths largely different from
cach other, a problem has arisen that an amount of light
converged on one optical disc 1s mnsuilicient.

The reason that the diffraction efficiency for a light beam
having a wavelength other than a specific wavelength 1s low-
ered will be described. The size of the blaze of the diffraction
optical element 1s set to give an optical path difference equal
to the integral multiple of the specific wavelength to the light
beam having the specific wavelength when the light beam
having the specific wavelength passes through the blaze.
Therefore, when a light beam having a wavelength other than
the specific wavelength passes through the blaze of the dii-
fraction optical element, an optical path difference not equal
to the integral multiple of the wavelength of the light beam 1s
given to the light beam. Therefore, the difiraction efliciency
for the light beam 1s lowered.

In each of the third and fourth patent literatures, an optical
pickup device having both a plane hologram optical device
and a refraction type objective lens separated from each other
1s disclosed.

In this device, a light beam having one of two wavelengths
1s transmitted through the hologram optical device and 1is
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converged on a prescribed disc through the objective lens.
Further, another light beam having the other wavelength 1s
transmitted through the hologram optical device while being,
diffracted and diverging, and a —1st order diffracted light
among various types of diffracted light 1s converged on the
prescribed disc through the objective lens. Therefore, the
recording and reproduction of information for two types of
optical discs can be performed by using one objective lens.

Further, 1n the fifth patent literature, an optical pickup
device having both an optical element and a refraction type
objective lens separated from each other 1s disclosed. The
optical element has both a hologram formed 1n a region (cen-
tral region) arranged around the optical axis and a difiraction
grating formed in the periphery (peripheral region) of the
central region.

In this device, a light beam having the wavelength of 635
nm 1s transmitted through the central region, and a light beam
having the wavelength of 780 nm 1s diffracted in the central
region. Further, the light beam having the wavelength of 635
nm 1s transmitted through the peripheral region, and the light
beam having the wavelength of 780 nm 1s difiracted in the
peripheral region to substantially mterrupt the light.

Therefore, all the light beam having the wavelength of 635
nm 1s 1ncident on the objective lens, and a partial light beam
having the wavelength of 780 nm and passing through the
central region 1s diffracted while diverging and 1s incident on
the objective lens. Accordingly, the recording and reproduc-
tion of information for two types of optical discs can be
performed by using one objective lens.

However, 1n the devices disclosed 1n the third, fourth and
fifth patent literatures, one light beam having one wavelength
1s diffracted in the hologram optical element, and the light
beam 1s converged on the prescribed optical disc through the
objective lens. The other light beam having the other wave-
length 1s transmitted through the hologram optical element,
and the light beam 1s converged on the prescribed optical disc
through the objective lens.

Here, the diffraction efficiency 1s determined according to
the number of steps of concave and convex portions formed
on the hologram optical element. When the diffraction eifi-
ciency of the transmitted light approximately equals to 100%,
the diffraction efficiency of the diffracted light 1s limited. For
example, the diffraction efliciency equals to around 81% 1n
the four-step structure, around 88% 1n the five-step structure
and around 91% in the si1x-step structure. When the device 1s
used for the recording of information, a problem has arisen
that an amount of diffracted light i1s not suificient. When the
number of steps of the concave and convex portions 1n the
hologram optical element is increased to increase the amount
of diffracted light, a problem has arisen that 1t 1s difficult to
make a metallic mold of the hologram optical element.

Further, in the devices disclosed in the third, fourth and
fifth patent literatures, because the hologram optical element
and the objective lens are separately arranged, a problem has
arisen that a size of the device 1s inevitably enlarged.

il

Moreover, because the light beam 1s diffracted and
diverges 1n the hologram optical element, an amount of light
used for the recording and reproduction becomes low. There-
fore, a problem has arisen that an amount of light converged
on the optical disc 1s insutficient.

Furthermore, because the hologram optical element and
the objective lens are positioned away from each other, the
decentering 1s caused, or the image height characteristic 1s
degraded. As a result, a problem has arisen that axial achro-
matic aberration occurs or spherical aberration (hereinaftter,
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4

called “temperature characteristic aberration™) occurs due to
the change of temperature exceeding a changing degree
expected 1n the design.

Still furthermore, because the hologram optical element
formed on a flat plate 1s used, the number of concave and
convex portions (interference fringe pattern) formed stepwise
on the surface of the hologram optical element 1s increased.
Therefore, a problem has arisen that the manufacturing of the
hologram optical element 1s complicated.

SUMMARY OF THE INVENTION

In order to solve the above problem, an object of the present
invention s to provide an optical element, an objective optical
clement and an optical pickup device which are used for the
record and/or reproduction of information for two types of
optical information recording media 1n which the thicknesses
of the substrates are different from each other, and which can
obtain a suificiently high diffraction efficiency for two light
beams of two wavelengths.

Another object of the present invention 1s to provide an
optical element, an objective optical element and an optical
pickup device which are used for the record and/or reproduc-
tion of information for two types ol optical information
recording media in which two use reference wavelengths are
different from each other, and which can obtain the sufficient
amount ol light, suppress the deterioration of the image
height characteristic and correct an axial chromatic aberra-
tion or a spherical aberration caused by a temperature change.

In order to accomplish the above-mentioned object, 1n
accordance with the first aspect of the present invention, an
optical element of an optical pickup device for reproducing
and/or recording information for a first optical information
recording medium having a protect substrate thickness t1 by
using a light beam having a first wavelength A1 emitted from
a first light source, and for reproducing and/or recording
information for a second optical information recording
medium having a protect substrate thickness {2 (12==t1) by
using a light beam having a second wavelength A2 (A2>A1)
emitted from a second light source, comprises:

a diffractive structure having a plurality of diflracting ring-
shaped zones arranged around an optical axis on at least one
optical surface; and

an optical path difference giving structure arranged on an
optical surface of at least one of the plurality of diffracting
ring-shaped zones, for giving a prescribed optical path ditfer-
ence to a prescribed light beam passing through the difiract-
ing ring-shaped zone,

wherein the optical surface of the diffractive structure 1s a
structure having a diffracting function for setting L-th (L=0)
order diffracted light of the light beam having the first wave-
length A1 to a maximum diffraction efficiency and for setting
M-th (M=0) order diffracted light of the light beam having the
second wavelength A2 to a maximum diffraction efficiency 1n
case ol an assumption of no existence of the optical path
difference giving structure.

The optical element 1n this specification denotes a constitu-
ent element of the optical pickup device such as an objective
lens (objective optical element), a coupling lens (collimator),
a beam expander, a beam shaper, a correcting plate or the like.

The optical element 1s not limited to a single lens, and a lens
group configured by combining a plurality of lenses aligned
in the direction of the optical axis can be adopted as the
optical element.

The objective lens denotes, 1n a narrow sense, a lens which
has a converging function and 1s placed at a position nearest to
the optical information recording medium so as to be opposite
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to the optical information recording medium in a condition
that the optical information recording medium 1s arranged in
the optical pickup device. In a wide sense, the objective lens
denotes a lens which 1s movable at least 1n the direction of the
optical axis by an actuator, in addition to the lens of the
narrow sense.

The optical information recording medium denotes a gen-
eral optical disc, such as CD, DVD, CD-R, MD, MO, high
density DVD or the like, for reproducing and/or recording
information by using a light beam of a prescribed wavelength.

The reproduction of information denotes the reproduction
of information recorded 1n an information recording plane of
the optical information recording medium. The recording of
information denotes the recording of information to the infor-
mation recording plane of the optical information recording

medium. Here, the reproduction includes the merely reading-
out of information.

The optical element and the optical pickup device accord-
ing to the present invention may be used to either record or
reproduce mformation or used to both record and reproduce
information.

The diffracting ring-shaped zone formed on the optical
surface denotes a periodic structure in which a plurality of
ring-shaped zones arranged around the optical axis are con-
centrically arranged on the surface of the optical element so as
to have a diffracting function for the mncident light beam.

The structure having a diffracting function according to the
present mnvention denotes a structure which has a function of
diffracting an incident light beam and 1s formed 1n a serrate
shape or a stepped shape or the like along the direction of the
optical axis when a cross-sectional plane (meridian cross-
sectional plane) of the structure including the optical axis 1s
seen.

It 1s not required to form the diffracting ring-shaped zone
on the whole optical surface. For example, the diffracting
ring-shaped zone may be formed 1n a prescribed area
arranged around the optical axis.

The diffracting ring-shaped zone may be formed on one
optical surface of one optical element or at least one of a
plurality of optical surfaces of one optical element.

Therelore, for example, the diffracting ring-shaped zone
may be formed on the optical surface on the light source side
or on the optical surface on the optical information recording
medium. Further, the diffracting ring-shaped zone may be
formed on a plurality of optical surfaces of the optical ele-
ments composing the optical pickup device, for example, on
cach optical surface.

To substantially give no change of phase in the present
invention 1s not limited to a case of no change of phase, but
denotes a change within a range (around +0.27 radian) that a
phase change does not considerably influence on the difirac-
tion efficiency.

An infinite number of orders of diffracted lights such as Oth
order diffracted light, £1st order diffracted light, +2nd order
diffracted light, . . . are generally caused by the optical surface
having the diffracting ring-shaped zones. However, when the
shape of the diffracting ring-shaped zones 1s changed, the
diffraction efficiency of the difiracted light of a diffraction

[

order can be set to be higher than that of another diffraction
order, and the diffraction etficiency of the diffracted light of
one specific diffraction order (for example, +1st order dii-
fracted light) can be set to approximately 100%.

The diffraction efficiency denotes a ratio of an amount of
one diffracted light caused by the diffracting ring-shaped
zone, and the sum of diffraction efficiencies of all diffracted

lights 1s equal to 1.
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The L-th (or M-th) order diffracted light having the maxi-
mum diffraction efficiency denotes the L-th (or M-th) order
diffracted light 1n which the diffraction efficiency 1s theoret-
cally highest among diffraction efficiencies of all diffracted
lights when the light beam having the wavelength A1 (or A2)
1s incident on the optical element.

In this specification, the protect substrate denotes an opti-
cally transparent parallel plate arranged on the light beam
incident surface side of the information recording plane to
protect the information recording plane of the optical infor-
mation recording medium. The protect substrate thickness
denotes a thickness of the parallel plate. The light beam
emitted from the light source 1s converged by the objective
lens on the mformation recording plane of the optical infor-
mation recording medium through the protect substrate.

In this specification, the numerical aperture of the optical
clement on the 1mage side denotes a numerical aperture of a
lens surface placed nearest to the optical information record-
ing medium among surfaces of the optical element.

The numerical aperture denotes a numerical aperture
defined by limiting a light beam contributing the formation of
a spot at a best image point due to parts or members having a
stop function, such as a stop, a filter of the optical pickup
device or the like, or due to the diffracting ring-shaped zone of
the optical element.

The use reference wavelength denotes a wavelength of the
light beam emitted from a light source at a use reference
temperature.

The use reference temperature denotes an ordinary tem-
perature (around 10 to 40° C.) 1n a temperature change range
of the environment 1n which the objective optical element and
the optical pickup device are used.

The optical surface formed in the prescribed aspherical
shape denotes an optical surface composing virtual aspherical
shapes obtained by connecting start points of the diffracting
ring-shaped zones.

The optical surface substantially inclined with respect to
the optical surface formed 1n the prescribed aspherical shape
denotes an optical surface composing a diffracting ring-
shaped zone structure which 1s formed, for example, 1n a
serrate shape or 1n a stepped shape extending in the direction
of the optical axis when a cross-sectional plane (meridian
cross-sectional plane) of the optical surface including the
optical axis 1s seen.

Preferably, as compared with the assumption of no exist-
ence of the optical path difference giving structure, the optical
path difference giving structure lowers an absolute value of an
optical phase difference between the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2 by changing a phase of at least one of the
L-th order diffracted light of the light beam having the first
wavelength A1 and the M-th order diffracted light of the light
beam having the second wavelength A2, the L-th order dii-
fracted light and the M-th order difiracted light being caused
by the structure having the diffracting function.

In the present invention, the optical element comprises a
diffractive structure having a plurality of diffracting ring-
shaped zones arranged around an optical axis on at least one
optical surface; and an optical path difference giving structure
arranged on an optical surface of at least one of the plurality
of diffracting ring-shaped zones, for giving a prescribed opti-
cal path difference to a prescribed light beam passing through
the diffracting ring-shaped zone.

Further, the L-th order difiracted light having a maximum
diffraction efficiency and the M-th order difiracted light hav-
ing a maximum diffraction efliciency are caused by the struc-
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ture having the diffracting function and the phase of at least
one of the L-th order diffracted light of the light beam having
the first wavelength A1 and the M-th order diffracted light of
the light beam having the second wavelength A2, 1s changed.
Theretfore, as compared with the assumption of no existence
of the optical path difference giving structure, the optical path
difference giving structure lowers an absolute value of the
optical phase difference between the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2.

Accordingly, the L-th order diffracted light of the light
beam having the first wavelength A1 and the M-th order
diffracted light of the light beam having the second wave-
length A2 can emerge 1n a condition of the high diffraction
eificiency.

Preferably, as compared with the assumption of no exist-
ence of the optical path difference giving structure, the optical
path difference giving structure lowers an absolute value of an
optical phase difference between the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2 by substantially giving no change of a
phase of one of the L-th order diffracted light of the light beam
having the first wavelength A1 and the M-th order diffracted
light of the light beam havmg the second wavelength A2 and
by giving a phase difference to the other of the L-th order
diffracted light of the light beam having the first wavelength
A1 and the M-th order difiracted light having the light beam
having the second wavelength A2, the L-th order diffracted
light and the M-th order dif. racted light being caused by the
structure having the diffracting function.

In this mvention, further, the change of the phase i1s not
substantially given to the L-th order diffracted light of the
light beam having the first wavelength A1, and 1s given to the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2. Therefore, the L-th order diffracted light
of the light beam having the first wavelength A1 can emerge to
the first optlcal information recording medium while holding
the maximum diffraction efficiency, and the M-th order dii-
fracted light of the light beam having the second wavelength
A2 can emerge to the second optical information recording
medium at the diffraction efficiency hlgher than that 1n a case
of the assumption of no optical path difference giving struc-
ture.

Preferably, as Compared with the assumption of no optical
path difference giving structure, the optical path difference
grving structure lowers an absolute value of an optical phase
difference between the L-th order diffracted light of the light
beam having the first wavelength A1 and the M-th order
diffracted light of the light beam having the second wave-
length A2 by giving a phase difference to both the L-th order
diffracted light of the light beam having the first wavelength
A1 and the M-th order diffracted light of the light beam having,
the second wavelength A2, the L-th order diffracted light and
the M-th order diffracted hght being caused by the structure
having the diffracting function.

In this invention, further, the L-th order difiracted light and
the M-th order diffracted light are caused by the structure
havmg the diffi ractmg function and the optical path difference
giving structure gives the phase difference to both the L-th

L ] it il

order difIracted light of the light beam having the first wave-
length A1 and the M-th order diffracted light of the light beam
having the second wavelength A2. Therefore, as compared
with the assumption of no optical path difference giving
structure, both the L-th order diffracted light of the light beam
having the first wavelength A1 and the M-th order diffracted
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light of the light beam having the second wavelength A2 can
emerge to the first optical information recording medium and
the second optical information recording medlum respec-
tively 1n a condition of the high diffraction efficiency.
Preferably, as compared with the assumption of no optical
path difference giving structure, the optical path difference
grving structure lowers an absolute value of an optical phase
difference between the L-th order diffracted light of the light
beam having the first wavelength A1 and the M-th order
diffracted light of the light beam having the second wave-
length A2 by giving an optical path difference approximately
equal to an integral multiple having the first wavelength Al to
the L-th order diffracted light of the light beam having the first
wavelength Al to substantially give no change of a phase
difference generated by the diffractive structure and by giving
an optical path difference not equal to an integral multiple
having the second wavelength A2 to the M-th order diir:

racted
light of the light beam having the second wavelength A2.

In this mnvention, the same effects as above-described pret-
erable case can be obtained.

Preferably, the optical path difference giving structure sets
the absolute value of the optical phase difference to a value
lower than 0.6 radians.

Preferably, the structure having the diffracting function has
a discontinuous surface formed 1n a serrate shape, and

the optical path difference giving structure has a discon-
tinuous surface formed 1n a stepped shape along a direction of
the optical axis.

Preferably, the structure having the diffracting function has
a discontinuous surface formed 1n a stepped shape along a
direction of the optical axis, and

the optical path difference giving structure has a discon-
tinuous surface formed 1n a stepped shape along the direction
of the optical axis.

Preferably, the optical surface comprises a central region
arranged around the optical axis and formed in an approxi-
mately circular shape, and a peripheral region arranged at a
periphery of the central region,

the structure having the difiracting function and the optical
path difference giving structure are provided in the central
region, and

the diffractive structure formed 1n a serrate shape 1s pro-
vided 1n the peripheral region.

Preferably, the optical surface comprises a central region
arranged around the optical axis and formed in an approxi-
mately circular shape, and a peripheral region arranged at a
periphery of the central region,

the structure having the diffracting function and the optical
path difference giving structure are provided in the central
region, and

the optical path difference giving structure 1s provided 1n
the peripheral region.

Preferably, the optical surface comprises a central region
arranged around the optical axis and formed 1n an approxi-
mately circular shape, and a peripheral region arranged at a
periphery of the central region,

the structure having the diffracting function and the optical
path difference giving structure are provided in the central
region, and

a relfractive structure for refracting a light beam 1s arranged
in the peripheral region.

In the three preferable cases described above, the same
effects as above-described effects can be obtained. Further,
when the incident light beam passes through either the central
region or the peripheral region or both the central region and
the peripheral region in case of necessity, the degree of free-
dom 1n the design for the diffraction efficiency and the dii-
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fraction order can be further increased. Moreover, various
types ol aberration can be easily corrected.

Preferably, L=M 1is satisfied.
Preferably, L=M=1 1s satisfied.
Preferably, the number of the discontinuous surfaces which

are formed 1n a stepped shape along a direction of the optical

axis and composes the optical path difference giving struc-
ture, 1s 2 or 3.

Preferably, the first wavelength A1 satisfies
370 nm=A1=430 nm, and

the second wavelength A2 satisfies
620 nm=A2=680 nm.

Preferably, the structure having the diffracting function
sets a sum of a diffraction efficiency of the L-th order dif-
fracted light of the light beam having the first wavelength A1
and a diffraction efficiency of the M-th order diffracted light
of the light beam having the second wavelength A2 to 1770% or
less, and the optical path difference giving structure heightens
the sum of the diffraction efficiency of the L-th order dii-
fracted light of the light beam having the first wavelength A1
and the diffraction efficiency of the M-th order difiracted light
of the light beam having the second wavelength A2 by 10% or
more.

Preferably, the above-described optical element 1s the
objective optical element wherein the light beam having the
first wavelength A1 and the light beam having the second
wavelength A2 are respectively incident on the optical surface
as a diverging light beam, and the light beam having the first
wavelength Al and the light beam having the second wave-
length A2 are converged on a prescribed optical information
recording medium 1n a condition that spherical aberration
and/or wave front aberration are corrected.

In this invention, the same effects as above-described effect
can be obtained. Further, when the light beam having the first
wavelength A1 and the light beam having the second wave-
length A2 are respectively incident on the optical surface as a
diverging light beam, the light beams are converged on the
prescribed optical information recording medium 1n the con-
dition that spherical aberration and/or wave front aberration
in the light beams are corrected.

Therelfore, an optical element such as a collimator lens
which 1s used 1n a infinite type of optical pickup device to
collimate a light beam emitted from a light source and to
transmit the light beam to an objective optical element, 1s not
required. Further, the device can be mimaturized and can be
manufactured at a low cost.

Here, it 1s desirable that the objective optical element con-
verges the light beam in a condition that the wave front
aberration 1s set to be equal to or lower than 0.05 Arms.

Preferably, magnification m satisfies a formula:

-0.295=m=-0.049.

In this invention, the same effects as those 1n the preferable
case described above can be obtained.

Generally, when the distance from the light source to the
objective optical element 1s long, the loss 1n an amount of
light 1s larger. Therefore, 1t 1s desired that the magnification m
1s set to be as small as possible. In contrast, when the magni-
fication m 1s excessively small, an amount of aberration
occurring due to a change 1n temperature or tracking becomes
large. Therefore, by setting the magnification m within the
range of the formula, both a sufficient amount of light and the
suppression of the aberration can be achieved.

Moreover, because no coupling lens 1s required, the num-
ber of parts of the optical pickup device can be reduced, and
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the occurrence of various types of aberration due to the
attaching error of a coupling lens can be prevented.

More preferably, a magnification m satisfies a formula
-0.148=m=-0.117.

Preferably, a curvature radius R1 of a paraxial region of an
optical surface on a light source side and a curvature radius R2
ol a paraxial region of an optical surface on the optical infor-
mation recording medium side satisfies a formula:

-3.2<R2/R1<-1.9.

Preferably, the first wavelength A1 and the second wave-
length A2 are a use reference wavelength.

Preferably, the above-described optical element i1s an
objective optical element, wherein the optical path difference
gving structure gives an optical path difference to the dii-
fracted light so that a —-N-th order diffracted light of the light

beam having the use reference wavelength A1 has a maximum
diffraction ethiciency and so that a (-N+1)-th order dift

racted
light of the light beam having the use reference wavelength A2
or a (-N-1)-th order diffracted light of the light beam having
the use reference wavelength A2 has a maximum difiraction
elficiency.

In this mvention, the optical path difference giving struc-
ture gives an optical path difference to the diffracted light so
that a —N-th order difiracted light of the llght beam having the
use reference wavelength A1 has a maximum diffraction etfi-
ciency and so that a (-N+1)-th order diffracted light of the
light beam having the use reference wavelength A2 or a (-N-
1)-th order diffracted light of the light beam having the use
reference wavelength A2 has a maximum diffraction effi-
ci1ency.

Therefore, diffracted light equivalent to the (L-N)-th order
diffracted light of the light beam having the use reference
wavelength A1 emerges to the first optical information
recording medium, and diffracted light equivalent to the
(M-N+1)-th order diffracted light or the (M—N-1)-th order
diffracted light of the light beam having the use reference
wavelength A2 emerges to the second optical information
recording medium.

As described above, because the diffraction order of the
light beam having each wavelength can be substantially
changed by two stages of the diffracting ring-shaped zones of
the objective optical element and the optical path difference
giving structure, diffracted light having a sufficient amount of
light corresponding to each type of the optical information
recording medium can be obtained by appropriately changing
the diffraction order of each light beam. Further the degree of
freedom 1n the demgn for the diffraction efliciency or the
diffraction order can be increased.

In the conventional optical pickup device, difiracted light
1s obtained from a light beam having a prescribed wavelength

* [T

by using a diffraction optical element. In contrast, in the
diffraction optical element of the present invention, diffracted
light 1s obtained by the diffracting ring-shaped zones.
Because the reproduction and/or recording of information for
the optical information recording medium 1s performed by
using the (L-N)-th order diffracted light having the maxi-
mum diffraction etficiency 1n the light beam having the use
reference wavelength A1 and the (M-N+1)-th order dif-
fracted llght or the (M-N-1)-th order diffracted light . 1av111g
the maximum diflraction etficiency in the light beam having
the use reference wavelength A2, diffracted light having a
suificient amount of light corresponding to a type of the
optical information recording medium can be obtained by
appropriately changing the difiraction order of each light

beam.
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Further, because the diffracted light 1s used for the repro-
duction and/or recording of information for the optical infor-
mation recording medium, various types ol aberration (axial
chromatic aberration and temperature characteristic types
aberration) can be corrected with high accuracy.

The plurality of diffracting ring-shaped zones formed on
the optical surface of a prescribed aspherical shape and
arranged around the optical axis are arranged, and the optical
path difference giving structure 1s arranged on the optical
surface of at least one of the diffracting ring-shaped zones.

Therelore, as compared with a case that an optical element
having the diffracting ring-shaped zones and an optical ele-
ment such as a hologram optical element having an optical
path difference giving structure are separately arranged, the
optical pickup device can be miniaturized, and center-shifting
and the deterioration of an image height characteristic can be
prevented.

Further, as compared with a case that a stepwise discon-
tinuous plane 1s formed on a plane perpendicular to the optical
axis like a hologram optical element formed 1n a plane plate
shape, the total number of steps of the discontinuous surface
or the number of diffracting ring-shaped zones can be
reduced, and the number of manufacturing steps can be
reduced.

Preferably, the optical surface of the diffracting ring-
shaped zone has a structure substantially inclined with
respect to the optical surface formed 1n a prescribed aspheri-
cal shape, the structure substantially inclined having a dis-
continuous surface formed in a serrate shape, and

the optical path difference giving structure has a discon-
tinuous surface formed 1n a stepped shape along the direction
of the optical axis.

Preferably, the optical surface of the diffracting ring-
shaped zone has a structure substantially inclined with
respect to the optical surface formed 1n a prescribed aspheri-
cal shape, the structure substantially inclined having a dis-
continuous surface formed 1n a stepped shape along the direc-
tion of the optical axis, and

the optical path difference giving structure has a discon-
tinuous surface formed 1n a stepped shape along the direction
of the optical axis.

Preferably, the optical surface formed in the prescribed
aspherical shape is partitioned into a central region arranged
around the optical axis and formed 1n an approximately cir-
cular shape, and a peripheral region surrounding a periphery
of the central region,

the diffracting ring-shaped zones are arranged in the cen-
tral region, and

a diffracting ring-shaped zone formed 1n the serrate shape
1s arranged 1n the peripheral region.

Preferably, the optical surface formed in the prescribed
aspherical shape is partitioned into a central region arranged
around the optical axis and formed 1n an approximately cir-
cular shape, and a peripheral region surrounding a periphery
of the central region,

the diffracting ring-shaped zones are arranged 1n the cen-
tral region, and

the optical path difference giving structure 1s arranged 1n
the peripheral region.

Preferably, the optical surface formed in the prescribed
aspherical shape 1s partitioned into a central region arranged
around the optical axis and formed 1n an approximately cir-
cular shape, and a peripheral region surrounding a periphery
of the central region,

the diffracting ring-shaped zones are arranged in the cen-
tral region, and
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a refractive structure for reflecting the light beam 1s
arranged 1n the peripheral region.

In the three preferable cases described above, the same
clfects as those 1n the other preferable cases can be obtained.
Further, when the incident light beam passes though only the
central region or the peripheral region or both the central
region and the peripheral region 1n case of necessity, the
degree of freedom 1n design for the diffraction efficiency or
the diffraction order can be increased.

Preferably, the number of diffracting ring-shaped zones 1s
from 3 to 20.

Preferably, the optical path difference giving structure
gives an optical path difference equal to an integral multiple
of the use reference wavelength A2 to the light beam having
the use reference wavelength A2.

The same effects as the above-described case can be
obtained. Further, an optical path difference equal to an 1nte-
gral multiple of the use reference wavelength A2 1s given to
the light beam having the use reference wavelength A2 from
the optical path difference giving structure. In other words, no
optical path difference 1s substantially given to the light beam
having the use reference wavelength A2 by the optical path
difference giving structure. Therefore, the M-th order dii-
fracted light of the light beam having the use reference wave-
length A2, which 1s diffracted by the diffracting ring-shaped
zones and has the maximum diffraction efficiency can emerge
to the second optical mmformation recording medium as the
light beam equivalent to the M-th order diffracted light.

Preferably, L=M 1is satisfied.

Preferably, L=N 1s satisfied.

Preferably, M=N 1s satisfied.

Preferably, L=M=N 1s satisfied.

Preferably, the light beam having the use reference wave-
length A1 and the light beam having the use reference wave-
length A2 are respectively incident on the optical surface as a
diverging light beam, and the light beam having the use ret-
erence wavelength A1 and the light beam having the use
reference wavelength A2 are converged on a prescribed opti-
cal information recording medium in a condition that spheri-
cal aberration and/or wave front aberration are corrected.

In the 1nvention, the same effects as the above-described
case can be obtained. Further, when the light beam having the
use reference wavelength A1 and the light beam having the
use reference wavelength A2 are respectively incident on the
objective optical element as a diverging light beam, the light
beams can be converted on an prescribed optical information
recording medium 1n a condition that spherical aberration
and/or wave front aberration 1n the light beams are corrected.

Therefore, an optical element such as a collimator lens
which 1s used 1n a mfimite type of optical pickup device to
collimate a light beam emitted from a light source and to
transmit the light beam to an objective optical element, 1s not
required. Further, the device can be miniaturized and can be
manufactured at a low cost.

Here, 1t 1s desirable that the objective optical element con-
verges the light beam 1n a condition that the wave front
aberration 1s set to be equal to or lower than 0.05 Arms.

Preferably, a magnification m satisfies a formula;

-0.295=m=-0.049.

The same ettects as those obtained 1n the above-described
invention can be obtained.

Generally, when the distance from the light source to the
objective optical element 1s long, the loss 1n an amount of
light 1s larger. Therefore, 1t 1s desired that the magnification m
1s set to be as small as possible. In contrast, when the magni-
fication m 1s excessively small, an amount of aberration
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occurring due to a change 1n temperature or tracking becomes
large. Therelfore, by setting the magnification m within the
range of the formula, both a sufficient amount of light and the
suppression of the aberration can be achieved.

Moreover, because no coupling lens 1s required, the num-
ber of parts of the optical pickup device can be reduced, and
the occurrence of various types of aberration due to the
attaching error of a coupling lens can be prevented.

More preferably, a magnification m satisfies a formula
-0.148=m=-0.117.

Preferably, a curvature radius R1 of a paraxial region of an
optical surface on a light source side and a curvature radius R2
ol a paraxial region of an optical surface on the optical infor-
mation recording medium side satisfies a formula:

-3.2<R2/R1<-1.9.

In accordance with the second aspect of the present mnven-
tion, an optical pickup device for reproducing and/or record-
ing information for a first optical information recording
medium having a protect substrate thickness t1 by using a
light beam having a first wavelength A1 emitted from a first
light source, and for reproducing and/or recording informa-
tion for a second optical information recording medium hav-
ing a protect substrate thickness t2 (t2=t1) by using a light
beam having a second wavelength A2 (A2>A1) emitted from a
second light source, the optical pickup device comprises:

a plurality of optical elements;

wherein at least one of the optical elements comprises a
diffractive structure having a plurality of diffracting ring-
shaped zones arranged around an optical axis on at least an
optical surface; and

an optical path difference giving structure arranged on an
optical surface of at least one of the plurality of diffracting
ring-shaped zones, for giving a prescribed optical path ditter-
ence to a prescribed light beam passing through the diffract-
ing ring-shaped zone,

wherein the optical surface of the diffractive structure 1s a
structure having a diffracting function for setting L-th (L=0)
order diffracted hght of the light beam having the first wave-
length A1 to a maximum diffraction efficiency and for setting
M-th (M=0) order diffracted light of the light beam having the
second wavelength A2 to a maximum diffraction efficiency in
case of an assumption of no existence of the optical path
difference giving structure.

Preferably, as compared with the assumption of no exist-
ence of the optical path difference giving structure, the optical
path difference giving structure lowers an absolute value of an
optical phase difference between the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2 by changing a phase of at least one of the
L-th order diffracted light of the light beam having the first
wavelength A1 and the M-th order diffracted light of the light
beam having the second wavelength A2, the L-th order dif-
fracted light and the M-th order diffracted light being caused
by the structure having the difiracting function.

In the mvention, at least one of the optical elements com-
prises a diffractive structure having a plurality of diffracting,
ring-shaped zones arranged around an optical axis on at least
an optical surface; and an optical path difference giving struc-
ture arranged on an optical surface of at least one of the
plurality of diffracting ring-shaped zones, for giving a pre-
scribed optical path difference to a prescribed light beam
passing through the diffracting ring-shaped zone.

Further, the L-th order diffracted light having a maximum
diffraction efficiency and the M-th order diffracted light hav-
ing a maximum diffraction efficiency are caused by the struc-
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ture having the difiracting function and the phase of at least
one of the L-th order diffracted light of the light beam having
the first wavelength A1 and the M-th order diffracted light of
the light beam having the second wavelength A2, 1s changed.
Theretfore, as compared with the assumption of no existence
of the optical path difference giving structure, the optical path
difference giving structure lowers an absolute value of the
optical phase difference between the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2.

Accordingly, the L-th order diffracted light of the light
beam having the first wavelength A1 and the M-th order
diffracted light of the light beam having the second wave-
length A2 can emerge 1n a condition of the high diffraction
eificiency.

Preferably, one of the optical elements 1s an objective opti-
cal element, and the light beam having the first wavelength Al
and the light beam having the second wavelength A2 are
respectively incident on the objective optical element as a
diverging light beam, and

the light beam having the first wavelength A1 and the light
beam having the second wavelength A2 are converged on a
prescribed optical information recording medium 1n a condi-
tion that spherical aberration and/or wave front aberration are
corrected.

In this invention, the same effects as above-described effect
can be obtained. Further, when the light beam having the first
wavelength Al and the light beam having the second wave-
length A2 are respectively incident on the optical surface as a
diverging light beam, the light beams are converged on the
prescribed optical information recording medium 1n the con-
dition that spherical aberration and/or wave front aberration
in the light beams are corrected.

Therefore, an optical element such as a collimator lens
which 1s used 1n a mfimite type of optical pickup device to
collimate a light beam emitted from a light source and to
transmit the light beam to an objective optical element, 1s not
required. Further, the device can be miniaturized and can be
manufactured at a low cost.

Here, 1t 1s desirable that the objective optical element con-
verges the light beam 1n a condition that the wave front
aberration 1s set to be equal to or lower than 0.05 Arms.

Preferably, a magnification m satisfies a formula:

—-0.295=m=-0.049.

In this invention, the same effects as the above case, and the
suificient amount of light and the suppression of the aberra-
tion can be simultaneously achieved.

Moreover, because no coupling lens 1s required, the num-
ber of parts of the optical pickup device can be reduced, and
the occurrence of various types of aberration due to the
attaching error of a coupling lens can be prevented.

More preferably, a magnification m satisfies a formula
-0.148=m=-0.117.

Preferably, information 1s reproduced and/or recorded for a
third optical information recording medium having a protect
substrate thickness t3 (t3>12) by using a light beam having a
third wavelength A3 (A3>A2) emitted from a third light
source.

Preferably, the first wavelength A1 and the second wave-
length A2 are a use reference wavelength.

Preferably, the optical path difference giving structure
gives an optical path difference to the difiracted light so that
a —N-th order diffracted light of the light beam having the use
reference wavelength A1 has a maximum diffraction effi-
ciency and so that a (-IN+1)-th order diffracted light of the
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light beam having the use reference wavelength A2 or a (-N-
1)-th order diffracted light of the light beam having the use
reference wavelength A2 has a maximum diffraction effi-
ciency.

In this mvention, the optical path difference giving struc-
ture gives an optical path difference to the diffracted light so
that a —N-th order diffracted light of the light beam having the
use reference wavelength A1 has a maximum diffraction etfi-
ciency and so that a (-N+1)-th order diffracted light of the
light beam having the use reference wavelength A2 or a (-N-
1)-th order diffracted light of the light beam having the use
reference wavelength A2 has a maximum diffraction effi-
ciency.

Theretfore, diffracted light equivalent to the (L-IN)-th order
diffracted light of the light beam having the use reference
wavelength A1 emerges to the first optical information
recording medium, and diffracted light equivalent to the
(M-N+1)-th order diffracted light or the (M-N-1)-th order
diffracted light of the light beam having the use reference
wavelength A2 emerges to the second optical information
recording medium.

As described above, because the diffraction order of the
light beam having each wavelength can be substantially
changed by two stages of the diflracting ring-shaped zones of
the objective optical element and the optical path difference
giving structure, diffracted light having a sufficient amount of
light corresponding to each type of the optical information
recording medium can be obtained by appropnately changing,
the diffraction order of each light beam. Further, the degree of
freedom 1n the design for the diffraction efliciency or the
diffraction order can be increased.

Preferably, the light beam having the first wavelength Al
and the light beam having the second wavelength A2 are
respectively incident on the objective optical element as a
diverging light beam, and the light beam having the first
wavelength Al and the light beam having the second wave-
length A2 are converged on a prescribed optical information
recording medium 1n a condition that spherical aberration
and/or wave front aberration are corrected.

In the invention, the same etfects as the above-described
case can be obtained. Further, when the light beam having the
use reference wavelength A1 and the light beam having the
use reference wavelength A2 are respectively incident on the
objective optical element as a diverging light beam, the light
beams can be converted on an prescribed optical information
recording medium 1n a condition that spherical aberration
and/or wave front aberration 1n the light beams are corrected.

Therefore, an optical element such as a collimator lens
which 1s used 1n a mfinite type of optical pickup device to
collimate a light beam emitted from a light source and to
transmit the light beam to an objective optical element, 1s not
required. Further, the device can be minmiaturized and can be
manufactured at a low cost.

Here, 1t 1s desirable that the objective optical element con-
verges the light beam 1n a condition that the wave front
aberration 1s set to be equal to or lower than 0.05 Arms.

Preferably, a magnification m satisfies a formula:

-0.295=m=-0.049.

In this invention, the same effects as the above case, and the

suificient amount of light and the suppression of the aberra-
tion can be simultaneously achieved.

Moreover, because no coupling lens 1s required, the num-
ber of parts of the optical pickup device can be reduced, and
the occurrence of various types of aberration due to the
attaching error of a coupling lens can be prevented.
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More preferably, a magnification m satisfies a formula
-0.148-=m=-0.117.

Preferably, information 1s reproduced and/or recorded for a
third optical information recording medium having a protect
substrate thickness t3 (t3>12) by using a light beam having a
third wavelength A3 (A3>A2) emitted from a third light

SOUrce.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description given hereinbelow and the
accompanying drawing which are given by way of illustration
only, and thus are not intended as a defimition of the limits of
the present invention, and wherein;

FIG. 1 1s a schematic view of an optical pickup device and
an optical element according to a first embodiment of the
present invention;

FIG. 2 1s a side view showing the configuration of an
objective lens;

FIG. 3A 1s a graph showing a change 1n phase difference
between the light beams having wavelengths A1 and A2;

FIG. 3B is an enlarged view of an objective lens having no
optical path difference giving structure;

FIG. 3C 1s an enlarged view of an objective lens having an
optical path difference giving structure;

FIG. 4 1s a graph showing diffraction efficiencies;

FIG. 5 1s a side view showing the configuration of an
objective lens;

FIG. 6 1s a side view showing the configuration of an
objective lens;

FIG. 7 1s an enlarged side view showing the configuration
ol an objective lens;

FIG. 8 1s a graph showing diflraction efficiencies;

FIG. 9 1s a schematic view of an optical pickup device and
an optical element according to a fifth example of the first
embodiment;

FIG. 10 1s a schematic view of an optical pickup device
according to a second embodiment of the present invention;

FIG. 11 1s a side view showing the configuration of an
objective lens;

FIG. 12A 1s a side view of the objective lens;

FIG. 12B 1s an enlarged view of a part indicated by a circle
in FIG. 12A;

FIG. 13 1s a side view showing the configuration of an
objective lens;

FIG. 14 1s a side view showing the configuration of an
objective lens;

FIG. 15 15 a side view showing the configuration of an
objective lens;

FIG. 16 1s s1de view showing the configuration of an objec-
tive lens;

FIG. 17 1s an enlarged side view showing the configuration
of an objective lens; and

FIG. 18 1s a schematic view of an optical pickup device
according to a fourth example of the second embodiment.

.

PREFERRED EMBODIMENTS OF THE
INVENTION

First Embodiment

Heremaiter, an objective optical element and an optical
pickup device according to the first embodiment of the
present mvention will be explained with reference to the
drawings.
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As shown 1n FIG. 1, 1n an optical pickup device 1, a light
beam of a wavelength A1 (=405 nm) 1s emitted from a first
semiconductor laser 3 to a first optical information recording
medium 2 (high density DVD 1n this embodiment) denoting

an optical information recording medium, and a light beam of 5

a wavelength A2 (=635 nm) 1s emitted from a second semi-
conductor laser 5 to a second optical information recording
medium 4 (DVD 1n this embodiment). Thereby, information
1s recorded or reproduced 1n/from an mformation recording
plane 6 of the first optical information recording medium 2 or
the second optical information recording medium 4.

Thereafter, when information 1s recorded or reproduced
in/from the high density DVD 2, the light beam having the
wavelength A1 emitted from the first semiconductor laser 3
passes through a beam splitter 7 and 1s transmitted through a
collimator 8 to form a parallel light beam. Thereatter, the light
beam passes through a beam splitter 9 and a stop 11 and 1s
converged by an objective lens 10 on the imnformation record-
ing plane 6 through a protect substrate of the high density
DVD 2.

The function of the objective lens 10 for the light beam
having the wavelength A1 will be described later.

Thereatfter, the light beam 1s modulated and reflected in/on
an mformation pit of the mnformation recording plane 6 and
again passes through the objective lens 10 the stop 11, the
beam splitter 9 and the collimator 8 to form a converged light
beam. Thereafter, the light beam 1s reflected in the beam
splitter 7, and astigmatism 1s given to the light beam 1n a
cylindrical lens 12. Thereafter, the light beam 1s incident on a
photo detector 4 through a concave lens 13, and a read-out
signal of information recorded 1n the high density DVD 2 1s
obtained from a signal output from the photo detector 4.

When information 1s recorded or reproduced in/from the
DVD 4, the light beam having the wavelength A2 emitted
from the second semiconductor laser 5 passes through a beam
splitter 135 and 1s transmitted through a collimator 16 to form
a parallel light beam. Thereafter, the light beam passes
through the beam splitter 9 and the stop 11 and 1s converged
by the objective lens 10 on the information recording plane 6
through a protect substrate of the DVD 4.

The function of the objective lens 10 for the light beam
having the wavelength A2 will be described later.

Thereafter, the light beam 1s modulated and reflected 1n/on
an information pit of the information recording plane 6 and
again passes through the objective lens 10 and the stop 11.
Thereatter, the light beam 1s reflected 1n the beam splitter 9
and passes through the collimator 16 to form a converged
light beam. Thereafter, the light beam 1s reflected 1n the beam
splitter 15, and astigmatism 1s given to the light beam 1n a
cylindrical lens 17. Thereaftter, the light beam 1s incident on a
photo detector 19 through a concave lens 18, and a read-out
signal of information recorded 1n the DVD 4 1s obtained from
a signal output from the photo detector 19.

Further, a change in amount of light due to a change of a
spot shape and a positional change on each of the photo
detector 14 and 19 are detected, and the focusing detection
and the tracking detection are performed. Thereafter, accord-
ing to this detection result, a two-dimensional actuator 160
moves the objective lens 10 so as to converge the light beam
emitted from the first semiconductor laser 3 or the second
semiconductor laser 5 on a prescribed track of the informa-

tion recording plane 6 of the high density DVD 2 or the DVD
4.

As shown 1n FIG. 2, the objective lens 10 representing an
objective optical element 1s made of a single lens having two
aspherical surfaces and composes an optical system of the
optical pickup device 1. A diffractive structure 20 having an
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optical path difference giving structure 30 are arranged on the
side of an optical surface 10a of the objective lens 10 facing
toward the light source.

In detail, the objective lens 10 comprises the diffractive
structure 20 which has a plurality of blade-shaped diffracting
ring-shaped zones 21 respectively arranged around an optical
axis L. The optical surface of each diffracting ring-shaped
zone 21 1s formed to arrange a structure 22 having a diffract-
ing function in the diffractive structure 20, and the structures
22 of the diffracting ring-shaped zones 21 are formed 1n a
serrate shape. The objective lens 10 also comprises the optical
path difference giving structure 30 placed on the side of the

optlcal surfaces of the diffracting rmg -shaped zones 21 and
gwes a prescribed optical path difference for a light beam
passing through each structure 22 having a diffracting func-
tion. The surface of the optical path difference giving struc-
ture 30 forms a stepwise discontinuous surface composed of
a plurality of divided surfaces 31.

In this embodiment, each diffracting ring-shaped zone 21
has two divided surfaces 31.

FIG. 3A 1s a graph showing a change 1n phase difference
with respect to a blaze depth when each of a parallel light
beam having the wavelength A1 and a parallel light beam
having the wavelength A2 passes through each of difiraction
gratings of FIGS. 3B and 3C set to a refractive index

nl1=1.525 for the wavelength A1 and a refractive index
n2=1.507 for the wavelength A2 from the leit of the paper of
the drawing.

In FIG. 3A, two-dots-dash-lines indicate the phase differ-
ence for the 1st order diffracted light of the light beam having
the wavelength Al passing through the diffraction grating of
the well-known diffractive structure of FIG. 3B, and dot-
dash-lines indicate the phase difference for the 1st order
diffracted light of the light beam having the wavelength A2
passing through the diffraction grating of the well-known
diffractive structure of FIG. 3B.

Further, 1n FIG. 3A, a solid line indicates the phase differ-
ence for the 1st order diffracted light of the light beam having
the wavelength Al passing through the diffracting ring-
shaped zone 21 shown 1n FIG. 3C, and a dotted line indicates
the phase difference for the 1st order difiracted light of the
light beam having the wavelength A2 passing through the

diffracting ring-shaped zone 21 shown 1n FIG. 3C.

As shown 1n FIG. 3C, the depth d1 of each divided surface
31 1s set to produce the optical path difference equal to twice
of the wavelength Al. Therefore, the optical path difference
equal to twice of the wavelength A1 1s generated between the
light beam having the wavelength Al passing through one
divided surface 31 and the light beam having the wavelength
M passing through the adjacent divided surface 31, and no
shift of the wave front occurs 1n the light beam.

As described above, the optical element of this embodi-
ment has a function for giving a change 1n phase for at least
one of the light beams of the wavelength A1 and the wave-
length A2 passing through the optical element (the objective
lens 10) by arranging the optical path difference giving struc-
ture 30 having the divided surfaces 31 set to a prescribed
depth on an optical functional surface of the optical element.
Further, when the surface shape of the divided surface 31 1s
determined by that of each diffracting ring-shaped zone 21
formed by dividing the structure 22 having the diffracting
function at intervals corresponding to a plurality of divided
surfaces 31 and moving the divided ones 1n the direction of
the optical axis L, the optical element of this embodiment has
a function for outputting a type of diffracted light of one of the
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light beams of the wavelength A1 and the wavelength A2 1n a
condition that the diffracted light has a maximum diffraction
eificiency.

For example, when the light beam having the wavelength

A1 (405 nm) 1s incident on the optical element, the shape of
the divided surfaces 31 shown 1n FIG. 3C 1s the same as or
similar to a shape which 1s obtained by dividing the surface
shape of the diffracting ring-shaped zone 21 shown 1n FIG.
3B at itervals corresponding to the divided surfaces 31 and
moving the divided ones 1n the direction of the optical axis L
so as to give the optical path difference equal to twice of the
wavelength to the light beam having the wavelength Al.

Theretfore, each optical path difference giving structure 30
gives the optical path difference equal to twice of the wave-
length to the light beam having the wavelength Al.

Accordingly, as shown 1n FIG. 3A, 1n case of the light beam
having the wavelength A1, the phase difference distribution
(solid line) obtained by giving the optical path difference
equal to twice of the wavelength by using the optical path
difference giving structure 30 1s approximately coincident
with the phase difference distribution (two-dots-dash-line)
obtained by giving no optical path difference. In other words,
in the structure, a change in phase hardly occurs 1n the 1st
order diffracted light of the light beam having the wavelength
M.

In contrast, when the light beam having the wavelength

A2 1s incident on the optical element, the optical path ditfer-
ence equal to a maximum of around 0.6 time of the wave-
length 1s generated 1n the light beam having the wavelength
A2 with respect to the light beam having the wavelength A1 by
the well-known difiractive structure.

Further, the optical path difference equal to a maximum of
around 1.2 times of wavelength (0.6x2) 1s generated by the
optical path difference giving structure 30. Therefore, 1n total,
the optical path difference equal to 1.8 times of the wave-
length 1s generated for the light beam having the wavelength
A2,

Here, when the optical element has only the diffractive
structure without the optical path difference giving structure
30, a phase difference between the light beam having the
wavelength A1 and the light beam having the wavelength A2
1s 0.4 time (1.0-0.6) of the wavelength at a maximum, that 1s,
around 0.8m radians shown by an arrow of FIG. 3A.

In contrast, because the optical element has the optical path
difference giving structure 30 in this embodiment, a phase
difference between the light beam having the wavelength Al
and the light beam having the wavelength A2 1s around 0.2
time (2.0-1.8) of the wavelength at a maximum, that 1s,
around 0.4 radians shown by an arrow of FIG. 3A. There-
fore, as compared with the diffractive structure without the
optical path difference giving structure 30, the phase differ-
ence 1s lowered.

As described above, i the optical element 10 of this
embodiment of the present mvention, a prescribed order of
the diffracted light of the light beam having the wavelength
A1 has amaximum diffraction efficiency due to the diffracting
function of the optical surface of the diffractive structure 20,
and diffracted light of a prescribed order in the light beam
having the wavelength A2 has a maximum diffraction effi-
ciency due to the diffracting function of the optical surface of
the diffractive structure 20 the optical path difference giving,
structure 30 substantially gives no change in phase to the
diffracted light of the light beam having the wavelength Al,
and gives a change 1n phase to the difiracted light of the light
beam having the wavelength A2. Therefore, an absolute value
of the phase difference between the diffracted light of the
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light beam having the wavelength A1 and the diffracted light
of the light beam having the wavelength A2 1s lowered.

Here, the absolute value of the phase difference 1s desired
to be set to a value lower than 0.6 radians.

FIG. 4 shows a calculating result of diffraction efficiencies
ol various types of diffracted light ranging from —2nd order to
+2nd order when the wavelength of light emitted from the
light source 1s changed 1n a range from 3350 nm to 800 nm.

As realized in FIG. 4, not only the diffraction frequency of
the —1st order diffracted light 1s approximately 100% at
around 400 nm 1n wavelength, but also the diffraction fre-
quency of the —1st order diffracted light can be heightened to
around 85% at around 650 nm in wavelength. Therefore, a
suificient amount of light can be obtained.

In this embodiment, as described above, the depth (the
length 1n the direction of the optical axis) d1 of each divided
surface 31 1s set to a length corresponding to the optical path
difference equal to an integral multiple of the wavelength A2,
the shape of each divided surface 31 1s set to be the same as or
similar to a shape which 1s obtained by dividing each of the
diffracting ring-shaped zones formed in the serrate shape
shown 1n FIG. 3B at intervals corresponding to the divided
surfaces 31 and moving the divided zones 1n the direction of
the optical axis L. However, the depth d1 and the shape of
cach divided surface 31 can be appropriately modified

according to the wavelengths of the light beams to be used or
the like.

FIRST EXAMPLE

Next, a first example of the optical pickup device 1 and the
optical element 10 will be described.

In this example, as shown in FIG. 2, the diffractive struc-
ture 20 and the optical path difference giving structure 30 are
provided in a region Al (hereinaiter, named “central region
A1”) which 1s placed on one optical surface (on the light
source side) of the objective lens denoting an optical element
which 1s a single lens having both-sided aspherical surfaces

and 1s away from the optical axis by a prescribed height (1.2
mm or less 1n this example).

Further, general diffracting ring-shaped zones formed 1n a
serrate shape are formed 1n a region A2 (heremafter, named
“peripheral region A2”) which 1s arranged on the optical
surface except the central region Al.

In each diffracting ring-shaped zone 21, the farther the
divided surface 31 1s away from the optical axis L, the deeper

the divided surface 31 1s fallen 1n the inside of the objective
lens 10.

Further, the structure 22 having the diffracting function 1s
set so as to set the diffraction efficiency of the 1st order
diffracted light having the wavelength Al to approximately
100%, and the optical path difference giving structure 30 1s
set so as to give the optical path difference equal to an integral
multiple of the wavelength Al to the light beam having the
wavelength Al.

.

Lens data of the objective lens 10 1s shown 1n Table 1 and
Table 2.
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TABL.

L1l

1

First example
fl =2.33 mm, {2 = 2.35 mm

NAL =0.65, NA2 =0.51

di ni di ni

1-th surface Ri (660 nm) (660nm) (785 nm) (785 nm)

0 0

1 0 0.0 1.0 0.0 1.0

2 1.42364  1.29000 1.5290 1.29000 1.5254

2' 1.52108  0.00527 1.5290 0.00527 1.5254

3 -6.30217  1.62791 1.0 1.26273 1.0

4 0 0.6 1.2189 1.2 0.8492

5 o0

Here, di1 denotes the displacement from the 1-th surface to the
(1+1)-th surface, and d2' denotes the displacement from the
second surface to the 2’nd surface.

As shown 1n Table 1, in the objective lens 10 of this
example, 1n case of the first wavelength A1=660 nm of the
light emitted from the first light source, the focal length
1=2.33 nm and the image side numerical aperture NA=0.65
are set. In case of the second wavelength A2=785 nm of the
light emitted from the second light source, the focal length
1=2.35 nm and the image side numerical aperture NA=0.51
are set.

The second surface in Table 1 denotes the optical surface
10a of the objective lens 10 on the light source side in the
central region Al less than the height h of 1.20 mm from the
optical axis L. The 2’nd surface in Table 1 denotes the optical
surface 10a of the objective lens 10 on the light source side 1n
the peripheral region A2 equal to or more than the height h of
1.20 mm from the optical axis L. The third surface in Table 1
denotes the optical surface 105 of the objective lens 10 on the
side of the optical information recording medium 2 or 4. The
tourth surface denotes the surface of the protect substrate of
the optical information recording medium 2 or 4. The {ifth
surface denotes the information record plane 6 of the optical
information recording medium 2 or 4. Further, R1 denotes a
curvature radius, di denotes the displacement in the direction
of the optical axis from the 1-th surface to the (1+1)-th surface,
and n1 denotes a refractive mndex of each surface.

The second, 2°nd and third surfaces of the objective lens 10
are defined 1n a mathematical formula, which 1s obtained by
substituting coetlicients shown 1n Tables 1 and 2 1nto a fol-
lowing aspherical shape formula (1), and are respectively
formed 1n an aspherical shape 1 axially symmetric with
respect to the optical axis L.

(Aspherical Shape Formula)

(h2 [ R) & (1)

+Zﬂ2;h2£
L+ 1= (1 +K)(h/RY

1=0

X(h) =

Here, X(h) denotes an axis 1n the direction of the optical axis
L (the propagating direction of light 1s positive), Kk denotes a
conic constant, and A, denotes coellicients of the aspherical
surfaces.
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TABL.

L1

2

Aspherical surface data

Second surface (0 = h < 1.2 mm)
Coeflicients of aspherical surface

K =-2.7006 x 10°
Ad =+9.0072 x 1
A6=-3.4130x1
A8 =+1.7301 x 1
Al10=-9.0048 x 10723
Al2 =+3.5278 x 107°
Ald=-6.1020 x 107
Coeflicients of optical path difference function

(reference wavelength: 690 nm)

B4 =-49138 x 1072
B6 = -9.5829 x 107
B8 =-2.1917 x 107
B10 =+7.3376 x 10~
2' nd surface (1.22 mm = h)

Coelflicients of aspherical surface

K=-3.2519x 107°
Ad =+1.0460 x 107}
A6 =-2.1964x 1
A8 =+1.9963 x 1
Al0=-2.6530x 107
Al2 =+2.5293 x 10~
Ald=-54124 x 107
Coeflicients of optical path difference function

(reference wavelength: 660 nm)

B2 =-5.1790 x 107>
B4 =-2.2260 x 1073
B6 = +2.2434 x 1073
B8 = +2.5054 x 107>
B10 = +6.3807 x 1074
Third surtace

Coellicients of aspherical surface

K = -9.0480 x 10*1
A4 =+4.8522x 1

A6 =-7.4420x% 1
AR =+1.0411x 1
Al10 =-4.5226 x 107>
Al12 =+4.0160 x 107
Ald = +5.4670 x 107

Further, the pitch of the diffracting ring-shaped zones 21 1s
determined 1n a mathematical formula, and 1s obtained by
substituting coellicients shown 1n Table 2 into a following
optical path difference function (2).

(Optical Path Ditference Function)

5 | (2)
¢ (h) = Z Byih*
=0

Here, B, 1s coetlicients of the optical path difference func-
tion.

Further, an optical path difference of the light beam having
the wavelength A1 or A2 at an arbitrary height h from the
optical axis L 1s expressed in a following optical path differ-
ence expression formula (3).
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(Optical Path Ditterence Expression Formula)

¢’ (h) =

N x MOD{¢(h) A} — p X INT[M x MODId(h) / A}] X ’% X j

h: height from optical axis

A, aspherical coelficients

B, : coetlicients of optical path difference function

MOD: decimal fraction of a numeral

INT: integer of a numeral

M. reference wavelength (wavelength at which diffraction
eiliciency 1s theoretically 100%)

n: refractive index at reference wavelength

AM: reference wavelength of optical path difference giving
structure (wavelength at which no change 1n phase occurs
in optical path difference giving structure)

n: refractive mdex at A1

p: optical path difference (M) per step of optical path differ-
ence giving structure for wavelength A1

N: diffraction order

M: number of divided surfaces in one diffracting ring-shaped
zone (number of steps)

Further, values of A1, p, N and M are shown 1n Table 3

TABLE 3

Values of A1, p, N and M 1n examples

First Second Third Fourth
Example Example Example Example
A 655 nm 405 nm 405 nm 380 nm
p -5 -2 -2 -2
N 1 1 1 1
M 2 2 2 2

In the first example, the diffraction efficiency of each diif-
fracting ring-shaped zone 21 1s approximately 100% for the
1st order diffracted light having the wavelength A1 and is
around 95% for the 1st order diffracted light having the wave-
length A2. These difiraction efficiencies are higher by around
5% than those 1n the well-known diffractive structure.

SECOND EXAMPLE

Next, a second example of the optical pickup device 1 and
the objective optical element 10 described 1n this embodiment
will be explained.

In this example, 1n the same manner as 1n the first example,
as shown 1n FI1G. 2, the diffractive structure 20 and the optical
path difference giving structure 30 are provided 1n a central
region Al which 1s placed on one optical surface 10a (on the
light source side) of the objective lens 10 denoting an optical
clement of a single lens having both-sided aspherical surfaces
and 1s away from the optical axis by a distance of 1.34 mm or
less.

Further, general diffracting ring-shaped zones formed in
the serrate shape are formed on the peripheral region A2.

In each diffracting ring-shaped zone 21, the farther the
divided surface 31 1s away from the optical axis L, the deeper
the divided surface 31 i1s fallen 1n the 1nside of the objective

lens 10.

Further, the structure 22 having the difiracting function 1s
set so as to set the diffraction efficiency of the 1st order
diffracted light having the wavelength A1 to approximately
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100%, and the optical path difference giving structure 30 1s
set so as to give the optical path difference equal to an integral
multiple of the wavelength Al to the light beam having the
wavelength Al.

Lens data of the objective lens 10 1s shown 1n Table 4 and
Table 5.

TABL.

(L]

4

Second example
f1 =2.00 mm, 12 = 2.06 mm
NA1 =0.85, NA2 =0.65

di ni di ni

1-th surface Ri (405 nm) (405 nm) (655nm) (6355 nm)

0 0 0

1 0 0.0 1.0 0.0 1.0

2 1.25531  2.22000 1.52491 2.22000 1.50673

2' 1.37269  0.00942 1.52491 0.00942 1.50673

3 —-2.50906  0.72085 1.0 0.45468 1.0

0 0.1 1.61949 0.6 1.57752
5 o0

Here, di denotes the displacement from the 1-th surface to the
(1+1)-th surface, and d2 'denotes the displacement from the
second surface to the 2°nd surface.

TABL.

L1l

D

Aspherical surface data

Second surface (O = h < 1.34 mm)
Coeflicients of aspherical surface

K=-64184x 1071
Ad=+6.0111x 1072
A6 =+1.3824x 1
A8 =-1.5922x 1073
Al0 = +8.2924 x 1074
Al2 =+5.5186 x 107
Ald=-97245 x 1074
Al6=+5.2133x 1074
Al8=-1.1435x 1074
A20=47.3173 x 107°
Coeflicients of optical path difference function
(reference wavelength: 405 nm)

B4 = -2.5646 x 107
B6 = -9.6475 x 107
B8 = -3.3058 x 107*
B10 =+1.9775x 107>
2' nd surface (1.34 mm = h)
Coetlicients of aspherical surface

K=-56733 x 1071
Ad =+1.9664x 1
A6 =-5.0827x 1
A8 =+2.2416x 1
Al0=+1.8200 x 1074
Al2=-3.6697 x 104
Ald =+84577 x 107
Al6=-1.8143 x 107>
AlR = +2.3679 x 107>
A20=-5.9259 x 10°°
Coeflicients of optical path difference function
(reference wavelength: 405 nm)

B2 =-1.0231 x 1072
B4 =+1.3102 x 1073
B6 =-5.7778 x 107
B8 = +9.3656 x 10~
B10=-2.4332x%x 107




US 7,636,290 B2

25

TABLE 5-continued

Aspherical surface data

Third surface

Coeflicients of aspherical surface

K=-49112 x 10*!
Ad =+4.1345 x 1072
A6=-7.3373x 107>
A8 =-6.4839 x 10~
Al10 =+3.0509 x 1073
Al2=-7.7472 x 107
Ald=-1.8723 x 107
Al6 =+42.9365x 107

As shown 1n Table 4, in the objective lens 10 of this
example, 1n case of the first wavelength A1=405 nm of the
light emitted from the first light source, the focal length
1=2.00 nm and the image side numerical aperture NA=0.85
are set. In case of the second wavelength A2=655 nm of the
light emitted from the second light source, the focal length
1=2.06 nm and the image side numerical aperture NA=0.65
are set.

The second, 2 nd and third surfaces of the objective lens 10
are defined 1n a mathematical formula, are obtained by sub-
stituting coeltlicients shown 1n Tables 4 and 5 into the aspheri-
cal shape formula (1), and are respectively formed 1n an
aspherical shape in axially symmetric with respect to the
optical axis L.

Further, the pitch of the diffracting ring-shaped zones 21 1s
determined in a mathematical formula, and 1s obtained by
substituting coetlicients shown in Table 5 into the optical path
difference function (2).

Further, an optical path difference of the light beam having,
the wavelength A1 or A2 at an arbitrary height h from the
optical axis L 1s expressed 1n a mathematical formula, and 1s
obtained by substituting coellicients shown 1n Table 3 1nto the
optical path difference expression formula (3).

In the second example, the diffraction efficiency of each
diffracting ring-shaped zone 21 1s approximately 100% for
the 1st order diffracted light having the wavelength A1 and 1s
around 85% for the 1st order diffracted light having the wave-
length A2. These diffraction efficiencies are higher by around
30% than those 1n the well-known diffractive structure.

[

THIRD EXAMPLE

Next, a third example of the optical pickup device 1 and the
objective optical element 10 described 1n this embodiment
will be explained.

In this example, as shown 1n FIG. 5, the diffractive struc-
ture 20 and the optical path difference giving structure 30 are
provided on one whole optical surface 10a (on the light
source side) of the objective lens 10 denoting an optical
clement of a single lens having both-sided aspherical sur-
faces.

In each diffracting ring-shaped zone 21, the farther the
divided surface 31 1s away from the optical axis L, the deeper
the divided surface 31 1s fallen 1n the inside of the objective
lens 10.

Further, the structure 22 having the diffracting function 1s
set so as to set the diffraction efficiency of the 1st order
diffracted light having the wavelength Al to approximately
100%, and the optical path difference giving structure 30 is
set so as to give the optical path difference equal to an integral
multiple of the wavelength Al to the light beam having the
wavelength Al.
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Lens data of the objective lens 10 1s shown 1n Table 6 Table

7.
TABLE 6
Third example
f1 =2.40 mm, 12 = 2.38 mm
NALl =0.65, NA2 =0.65
di ni di ni
1-th surface R1 (405 nm) (405 nm) (655nm) (655 nm)

0 0 o0
1 0 0.0 1.0 0.0 1.0
2 1.55720  1.60000 1.52491 1.60000 1.50673
3 -6.67199  1.10173 1.0 1.10173 1.0
4 0 0.6 1.61949 0.6 1.57752
5 <0

Here, di denotes the displacement from the 1-th surface to
(1+1)-th surface.

TABL.

(Ll

7

Aspherical surface data

Second surface
Coellicients of aspherical surface

K=-7.3475x 1071
Ad =+6.5748 x 1
A6 =+92164x%x 1
A8 =+1.1841x 1
Al0=-5.8766x 107
Al2=+1.7873 x 107
Ald = +8.6359 x 107°
Al6=-9.0485 x 10°°
Al8=-5.5710x 10°°
Coeflicients of optical path difference function
(reference wavelength: 405 nm)

B2 = -1.5660 x 1072
B4 =-1.3080 x 107>
B6 = +1.2828 x 107
B8 = -6.6741 x 107
B10 =-6.4951 x 107°
Third surface
Coeflicients of aspherical surface

K =-5.0959 x 10"}

Ad =+4.7700 x 1072
A6 =+8.5987 x 1
A8 =-3.5378 x 1073

10=-1.4722 x 107
12 =+1.5928 x 107
14=+2.3576 x 107
16 =-4.5296 x 107>

B g g

As shown 1n Table 6, in the objective lens 10 of this
example, 1n case of the first wavelength A1=4035 nm of light
emitted from the first light source, the focal length =2.38 nm
and the 1mage side numerical aperture NA=0.65 are set. In
case of the second wavelength A2=635 nm of light emaitted
from the first light source, the focal length 1=2.40 nm and the
image side numerical aperture NA=0.65 are set.

The second and third surfaces of the objective lens 10 are
defined 1n a mathematical formula, are obtained by substitut-
ing coellicients shown in Tables 6 and 7 into the aspherical
shape formula (1), and are respectively formed 1n an aspheri-

cal shape 1n axially symmetric with respect to the optical axis
L.

Further, the pitch of the diffracting ring-shaped zones 21 1s
determined 1n a mathematical formula, and 1s obtained by
substituting coellicients shown 1n Table 7 1into the optical path
difference function (2).
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Moreover, an optical path difference of the light beam
having the wavelength A1 or A2 at an arbitrary height h from
the optical axis L 1s expressed in a mathematical formula, and
1s obtained by substituting coeificients shown 1n Table 3 mnto
the optical path difference expression formula (3).

In the third example, the diffraction efficiency of each
diffracting ring-shaped zone 21 1s approximately 100% for
the 1st order diffracted light having the wavelength A1 and 1s
around 85% for the 1st order diffracted light having the wave-
length A2. These diffraction efficiencies are higher by around
30% than those 1n the well-known diffractive structure.

FOURTH EXAMPL.

T

Next, a fourth example of the optical pickup device 1 and
the objective optical element 10 described in this embodiment
will be explained.

Inthis example, 1n the same manner as 1n the third example,
as shown 1n FIG. 5, the diffractive structure 20 and the optical
path difference giving structure 30 are provided on one whole
optical surface 10qa (on the light source side) of the objective
lens 10 denoting an optical element of a single lens having
both-sided aspherical surfaces.

In each diffracting ring-shaped zone 21, the farther the
divided surface 31 1s away from the optical axis L, the deeper
the divided surface 31 1s fallen 1n the inside of the objective

lens 10.

Further, the structure 22 having the diffracting function 1s
set so as to set the diffraction efficiency of the 1st order
diffracted light having the wavelength A1 to around 80%, and
the optical path difference giving structure 30 1s set so as to
give an optical path difference not equal to an integral mul-
tiple of the wavelength A1 or A2 to the light beam having the
wavelength A1 or the light beam having the wavelength A2.

Lens data of the objective lens 10 1s shown 1n Table 8 Table
9.

TABL.

L1l

3

Fourth example
fl =2.40 mm, {2 = 2.38 mm
NA1 =0.65, NA2 =0.65

di ni di ni

1-th surface Ri (405 nm) (405nm) (655 nm) (655 nm)

() o0 o0

1 e 0.0 1.0 0.0 1.0

2 1.55720  1.60000 1.52491 1.60000 1.50673

3 -6.67199  1.10173 1.0 1.10173 1.0

4 s 0.6 1.61949 0.6 1.57752

5 o0

Here, di denotes the displacement from the 1-th surface to
(1+1)-th surface.

TABL.

(L]

9

Aspherical surface data

Second surface
Coetlicients of aspherical surface

K=-7.3475 x 1071
Ad =+6.5748 x 1072
A6 =49.2164x 107
A8 =+1.1841x 1072
AlQ =-5.8766 x 107
Al2 =+1.7873 x 1074
Ald =+8.6359 x 107°
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TABLE 9-continued

Aspherical surface data

Al6=-9.0485 x 107°
Al8=-5.5710 x 107°
Coellicients of optical path difference function
(reference wavelength: 500 nm)

B2 =-1.9333 x 1072
B4 =-1.6148 x 10~°
B6 = +1.5837 x 107
B8 = -8.2396 x 107
B10 =-8.0186 x 107°
Third surface
Coellicients of aspherical surface

K =-5.0959 x 10"}
Ad =+4.7700 x 1
A6 =+8.5987 x 1
A8 =-3.5378 x 1072

10=-1.4722 x 1072
12 =+1.5928 x 10~
14=+2.3576 x 107
16 =-4.5296 x 107>

g g

As shown 1n Table 8, 1n the objective lens 10 of this
example, 1n case of the first wavelength A1=405 nm of light
emitted from the first light source, the focal length =2.38 nm
and the 1mage side numerical aperture NA=0.65 are set. In
case of the second wavelength A2=635 nm of light emaitted
from the first light source, the focal length 1=2.40 nm and the
image side numerical aperture NA=0.65 are set.

The second and third surfaces of the objective lens 10 are
defined 1n a mathematical formula, are obtained by substitut-
ing coellicients shown 1n Tables 8 and 9 1nto the aspherical
shape formula (1), and are respectively formed 1n an aspheri-
cal shape 1n axially symmetric with respect to the optical axis
L.

Further, the pitch of the diffracting ring-shaped zones 21 1s
determined 1n a mathematical formula, and 1s obtained by
substituting coellicients shown 1n Table 9 1nto the optical path
difference function (2).

Moreover, an optical path difference of the light beam
having the wavelength A1 or A2 at an arbitrary height h from
the optical axis L 1s expressed 1n a mathematical formula, and
1s obtained by substituting coeificients shown in Table 3 into
the optical path difference expression formula (3).

In this example, the diffraction efficiency of each difiract-
ing ring-shaped zone 21 1s around 95% for both the 1st order
diffracted light having the wavelength A1 and the 1st order
diffracted light having the wavelength A2.

FIFITH EXAMPLE

Next, an optical element and an optical pickup device
according to a fifth example of the first embodiment of the
present invention will be explained with reference to FIG. 9.

In an optical pickup device 70, a light beam having a
wavelength A1 (=655 nm) 1s emitted from a first semiconduc-
tor laser (light source) 71 to a first optical information record-
ing medium (DVD in this example) 80, and a light beam
having a wavelength A2 (=785 nm) 1s emitted from a second
semiconductor laser (light source) 72 to a second optical
information recording medium (CD 1n this example) 81.
Thereatter, these light beams are diverging and 1ncident on
the objective lens (objective optical element) 10 to converge
the light beams on mformation record planes 80a and 81a of
the optical imnformation recording media 80 and 81 respec-
tively. Therefore, information 1s recorded on each of the infor-
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mation record planes 80a and 81a, or information recorded on
cach of the information record planes 80q and 81a 1s read out.

Here, the first semiconductor laser 71 and the second semi-
conductor laser 72 are arranged as a unit of the light source.
Theretore, 1n F1G. 9, the light beam having the wavelength A1
and the light beam having the wavelength A2 emitted from the
semiconductor lasers are indicated by the same solid lines.

When information 1s recorded or reproduced for the DVD
80 the light beam having the wavelength A1 emitted from the
first semiconductor laser 71 1s transmitted through a difirac-
tion grating 73 and 1s retlected on a half mirror 74. Thereafter,
the light beam having the wavelength A1 passes through a
stop 75 and 1s converged on the information record plane 80a
by the objective lens 10 through a protect substrate 806 of the
DVD 80.

Thereafter, a light beam modulated 1n an information pit of
the information record plane 80a and reflected on the 1nfor-
mation record plane 80a again passes through the objective
lens 10 the stop 75, the half mirror 74 and a diffraction grating
(not shown) and 1s incident on an optical detector 76. There-
alter, a read-out signal indicating the information recorded 1n
the DVD 80 1s obtained from a signal output from the optical
detector 76.

When information 1s recorded or reproduced mn/from the

CD 81, 1n the same manner, the light beam having the wave-
length A2 ematted 1

rom the second semiconductor laser 72 1s
transmitted through the diffraction grating 73 and 1s reflected
on the half mirror 74. Thereafter, the light beam having the
wavelength A2 passes through the stop 75 and 1s converged on
the mformation record plane 81a by the objectwe lens 10
through a protect substrate 815 of the CD 81. Here, 1n FI1G. 9,

for convenience, the protect substrate 815 of the CD 81 and
the protect substrate 805 of the DVD 80 are indicated by the
same drawing.

Thereafter, a light beam modulated 1n an information pit of
the information record plane 81a and retlected on the infor-
mation record plane 81a again passes through the objective
lens 10 the stop 735, the half mirror 74 and a diffraction grating
(not shown) and 1s incident on the optical detector 76. There-
after, a read-out signal indicating the information recorded 1n
the CD 81 1s obtained from a signal output from the optical
detector 76.

Further, a change of the shape of a spot of light formed on
the information record plane 80a or 81a and a change of the
amount of light on the information pit due to a positional
change of the light are detected in the optical detector 76 to
perform the focusing detection and the tracking detection.
Thereaiter, the objective lens 10 1s moved by a two-dimen-
s1onal actuator (not shown) according to the detection result
to make the light beam emitted from the first semiconductor
laser 71 or the second semiconductor laser 72 form an image
on the information record plane 80a or 81a of the DVD 80 or
the CD 81 and form the 1image on a prescribed track.

In this example, 1n the same manner as 1n the first example,
as shown 1n FIG. 2, the diffracting ring-shaped zones 21 and
the optical path difference giving structure 30 are provided in
a central region A1 which 1s placed on an optical surface 10a
(on the light source side) of the objective lens denoting an
optical element of a single lens having both-sided aspherical
surfaces and 1s away from the optical axis by a distance of
1.53 mm or less.

Further, general diffracting ring-shaped zones of the ser-
rate shape are formed on the peripheral region A2, and the
diffraction efficiency of the 1st order diffracted light of the
light beam having the wavelength Al passing through the
peripheral region A2 of the diffracting ring-shaped zones 1s
set to approximately 100%.
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In each diffracting ring-shaped zone 21, the farther the
divided surface 31 1s away from the optical axis L, the deeper

the divided surface 31 1s fallen 1n the inside of the objective
lens 10.

The depth d1 of each divided surface 31 1s set so as to give
an optical path difference equivalent to one wavelength for
the light beam having the wavelength A2. In other words, an
optical path difference equivalent to approximately twice of
an wavelength 1s generated between the light beam having the
wavelength A2 passing through one divided surface 31 and

the light beam having the wavelength A2 passing through an
adjacent divided surface 31, and no shift of the wave front
between the light beams occurs.

Further, the structure 22 having the diffracting function 1s
set so as to set the diffraction efficiency of the 1st order

diffracted light having the wavelength A2 to approximately
100%.

Lens data of the objective lens 10 1s shown 1n Table 10 and
Table 11.

TABLE 10

Fifth example
Focal length: 1 = 2.85 mm, {2 = 2.87 mm

Numerical aperature: NA1 = 0.60, NA2 =0.47
Magnification in image formation: m = -1/8.0, m = -1/&.1

di ni di ni

1-th surface Ri (655 nm) (655nm) (785 nm) (785 nm)

0 10.0 10.0

1 0 1.25 1.51436 1.25 1.5110%

2 e 14.35047 1.0 1471823 1.0

3 1.92617 2.00000  1.52915 2.00000  1.52541

3 1.95441 -0.00221  1.52915 -0.00221  1.52541

4 -4.42811 1.79967 1.0 1.33178 1.0

5 0 0.60 1.57752 1.20 1.57063

6 0

Here, di denotes the displacement from the 1-th surface to
(1+1)-th surface, and d3' denotes the displacement from third
surtace to the 3°rd surface.

TABLE 11

Aspherical surface data

Third surface (0 = h < 1.53 mm)
Coellicients of aspherical surface

K=-62671x 10"
A4 =-33952x1
Ab6=+2.2059x%x1
AR =-99554x1
AlO=+1.6761x1
Al2=-1.3961x1
Ald=+6.5021x 1
Coeflicients of optical path difference function
(reference wavelength: 785 nm)

B2 = +0.0000 x 1
B4 =-2.1697 x 1
B6 = +1.9454 x 1
B8 =-5.2252x 1
B10 =-3.8291 x 10~/
3'rd surface (1.53 mm = h)

Coeflicients of aspherical surface

K=-5.6435 x 107!

Ad =-1.4090 % 10
A6 =-2.7827x 107
A8 =+1.8506x 107°

Al10=-2.3515x 107"



US 7,636,290 B2

31

TABLE 11-continued

Aspherical surface data

Al12 =-1.4489 x 107>
Al4 =+2.5022 x 107°
Coellicients of optical path difference function
(reference wavelength: 655 nm)

B2 = -4.3851 x 107°
B4=+1.1223 x 10~°
B6=-1.0106 x 107
B8 =-2.1193 x 1074

B10 = +3.7070 x 107
Fourth surface
Coellicients of aspherical surface

K=-17123 x 10*1
Ad =+54029 x 1072
A6 =+1.7869 x 107
A8 =-5.3339%x 1074
AlQ0=-3.7162 x 10
Al2=+3.7817 x 107
Ald=-3.7645 x 10°°

As shown 1n Table 10, 1n the objective lens 10 of this
example, 1n case of the first wavelength A1=655 nm of light
emitted from the first light source, the focal length =2 .85 nm,
the 1image side numerical aperture NA=0.60 and the magni-
fication m=-1/8.0 are set. In case of the second wavelength
A2=785 nm of light emitted from the second light source, the
tocal length 1=2.87 nm, the image side numerical aperture
NA=0.47 and the magnification m=-1/8.1 are set.

In Table 10, surface No. 1 and 2 respectively indicate a
surface of the diffraction grating 73 on the light source side
and a surface of the diffraction grating 73 on the optical
information recording medium side. Surface No. 3, 3' and 4
respectively indicate an optical surface of the central region
Al and an optical surface of the peripheral region A2 1n the
objective lens 10 on the light source side, and an optical
surface of the objective lens 10 on the optical information
recording medium side. The central region Al 1s placed on an
optical surface 10a of the objective lens on the light source
side and 1s away from the optical axis L by a distance of 1.33
mm or less. The peripheral region A2 1s placed on the optical
surface 10a of the objective lens on the light source side and
1s away from the optical axis L by a distance higher than 1.53
mm. Surface No. 5 and 6 respectively indicate a surface of the
protect substrate 805 or 815 and the information recording,
surface 80a or 81a in the optical information recording
medium. Further, Ri1 indicates a curvature radius, di indicates
a displacement from the 1-th surface to 1+1-th surface in the
direction L of the optical axis, and ni indicates a refractive
index of the 1-th surface.

The third surface, the 3°’rd surface and the fourth surface of
the objective lens 10 are defined in a mathematical formula
are obtained by substituting the coeflicients indicated in

Tables 10 and 11 1nto the formula (1). E

Each surface 1s formed
in an aspherical shape 1n axially symmetric with respect to the
optical axis L.

Further, the pitch of the diffracting ring-shaped zones 1s
defined 1n a mathematical formula and 1s obtained by substi-
tuting the coelfficients indicated 1n Table 11 into the optical
path difference function of the formula (2).

Moreover, the optical path difference in the light beam
having the wavelength A1 or A2 at an arbitrary height from the
optical axis 1s expressed in a mathematical formula and 1s
obtained by substituting the coeflicients indicated 1n Table 12
into the formula (3).
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TABLE 12
Al 785 nm
P -4
N 1
M 2

In the optical element 10 and the optical pickup device 70
of the this example, the difiraction efficiency of each difiract-

ing ring-shaped zone 21 1s around 96% for the 1st order
diffracted light having the wavelength Al, and 1s approxi-
mately 100% for the 1st order diffracted light having the
wavelength A2.

Here, 1n the optical element 10 and the optical pickup
device 70 having only the well-known diffractive structure
(diffractive structure of the serrate shape), the diffraction
elficiency for the 1st order diffracted light having the wave-
length A1 1s around 90%, and the difiraction efficiency for the
1 st order diffracted light having the wavelength A2 1s approxi-
mately 100%.

Therefore, in the optical element 10 and the optical pickup
device 70 of the this example, the amount of light for the light
beam having the wavelength A1 can be increased by around
6% as compared with the well-known diffractive structure.

The optical element according to the first embodiment of
the present invention 1s not limited to those of the first to fifth
examples. For example, as shown 1n FIG. 6, the diffractive
structure and the optical path difference giving structures may
be arranged on the whole surface of a plane optical element.

Further, 1t 1s applicable that the farther the divided surface
31 1n each diffracting ring-shaped zone 21 1s away from the
optical axis L, the higher the height of the divided surface 31
placed so as to be projected toward the light source 1s.

Moreover, in FIG. 2, the shape of each divided surface 31
1s obtained by dividing each of the diffracting ring-shaped
zones 21 of the serrate at intervals corresponding to the
divided surfaces 31 and moving the divided zones in the
direction of the optical axis L so as to make each adjacent pair
of divided zones have a prescribed optical path difference.
However, the first embodiment of the present invention 1s not
limited to this. For example, as shown 1n FIG. 7, the shape of
cach divided surface 31 may be obtained by d1v1d111g a surface
shape of each of a plurality of diffracting ring-shaped zones
having a discontinuous surface 150 stepwise along the direc-
tion of the optical axis L at intervals corresponding to the
divided surfaces 31 and moving the divided ones 1n the direc-
tion of the optical axis L so as to make each adjacent pair of
divided ones have a prescribed optical path difference.

As described above, the optical element according to the
first embodiment of the present mnvention may comprise the
diffractive structure and the optical path difference giving
structures placed on at least a portion of an optical functional
surface, the diffractive structure comprises the plurality of
structures having diffracting function, which are arranged
around the optical axis, and the optical path difference giving
structure 1s formed on the optical ring-shaped zones and
having the stepwise discontinuous surface so as to give a
prescribed optical path difference to the light beam passing
though each ring-shaped zone.

According to the embodiment, because the L-th (M-th)
order diffracted light of the light beam having the wavelength
A (A2) can emerge to the first optical information recording
medium 1n a state that the high diffraction efficiency is kept,
and the M-th (L-th) order diffracted light of the light beam
having the wavelength A2 (Al) can emerge to the second
optical information recording medium in a state that the high
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diffraction efficiency 1s obtained, or the both difiracted lights
can emerge to the first and the second optical information
recording media respectively at a high diffraction efficiency,
it 1s possible to obtain an optical element and an optical
pickup device in which the sufficient amount of light can be

obtained according to type of optical information recording
medium.

Second Embodiment

As shown 1n FIG. 10, 1n an optical pickup device 101, a
light beam having a wavelength A1 (=650 nm) 1s emitted from
a first semiconductor laser (light source) 103 to a first optical
information recording medium (DVD 1n this embodiment)
102 denoting an optical mmformation recording medium to
record or read out information for an information record
plane 106 of the first optical information recording medium
102, and a light beam having a wavelength A2 (=780 nm) 1s
emitted from a second semiconductor laser (light source) 105
to a second optical information recording medium (CD 1n this
embodiment) 104 to record or read out information for an
information record plane 106 of the second optical informa-
tion recording medium 104. The first sesmiconductor laser 103
and the second semiconductor laser 103 are arranged as a unit
of the light source.

When information 1s recorded or reproduced for the DVD
102, as indicated by solid lines 1 FIG. 10 the light beam
having the wavelength A1 emitted from the first semiconduc-
tor laser 103 1s transmuitted through a collimator 107 to obtain
a parallel light beam denoting parallel rays. Thereafter, the
light beam having the wavelength A1 passes through a beam
splitter 108, 1s stopped down by a stop 109 and 1s converged
on the information record plane 106 by an objective lens 110
through a protect substrate of the DVD 102.

The function of the objective lens 110 for the light beam
having the wavelength A1 will be described later.

Thereafter, a light beam modulated 1n an information pit
and reflected on the mformation record plane 106 again
passes through the objective lens 110 and the stop 109 and 1s
reflected on the beam splitter 108, and astigmatism 1s given to
the light beam 1n a cylindrical lens 111. Thereafter, the light
beam passes through a concave lens 112 and 1s incident on an
optical detector 113. Thereafter, a read-out signal indicating
the information recorded 1n the DVD 102 1s obtained from a
signal output from the optical detector 113.

When mformation is recorded or reproduced in/from the
CD 104, as indicated by broken lines 1n FIG. 10 the light beam
having the wavelength A2 emitted from the second semicon-
ductor laser 105 1s transmitted through the collimator 107 to
obtain a parallel light beam denoting parallel rays. Thereafiter,
the light beam having the wavelength A2 passes through the
beam splitter 108, 1s stopped down by the stop 109 and 1s
converged on the information record plane 106 by the objec-
tive lens 110 through a protect substrate of the CD 104.

The function of the objective lens 110 for the light beam
having the wavelength A2 will be described later.

Thereafter, a light beam modulated 1n an information pit
and reflected on the mformation record plane 106 again
passes through the objective lens 110 and the stop 109 and 1s
reflected on the beam splitter 108, and astigmatism 1s given to
the light beam 1n the cylindrical lens 111. Thereatfter, the light
beam passes through the concave lens 112 and 1s incident on
the optical detector 113. Thereatter, a read-out signal indicat-
ing the information recorded 1n the CD 104 1s obtained from
a signal output from the optical detector 113.

Further, a change of the shape of a spot of light formed on
the mnformation record plane 106 and a change of the amount
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of light on the information pit due to a positional change of the
light are detected 1n the optical detector 113 to perform the
focusing detection and the tracking detection. Thereaftter, the
objective lens 110 1s moved by a two-dimensional actuator
114 according to the detection result to make the light beam
emitted from the first semiconductor laser 103 or the second
semiconductor laser 105 form an 1mage on the mformation
record plane 106 of the DVD 102 or the CD 104 and form the
image on a prescribed track.

As shown 1n FIG. 11, the objective lens 110 denoting an
objective optical element 1s formed of a single lens having
two aspherical surfaces and composes an optical system of
the optical pickup device. The objective lens 110 has a plu-
rality of diffracting ring-shaped zones 120 and an optical path
difference giving structure 130 on an optical surface 110q
thereof facing toward the light source.

In detail, the diffracting ring-shaped zones 120 having a
discontinuous surface formed 1n a serrate shape and substan-
tially inclined with respect to the optical surface 110a formed
in a prescribed aspherical shape are formed and arranged
around the optical axis L. Further, the optical path difference
grving structure 130 composed of a plurality of steps 131 1s
arranged on the optical surfaces of the diffracting ring-shaped
zones 120 to give a prescribed optical path difference to the
light beam passing through the diffracting ring-shaped zones
120. The shape of the steps 131 forms a stepwise discontinu-
ous surface having risers extending along the optical axis L.

In FIG. 12A, a dot-dash line indicates an outline of an
optical surface (optical surface formed 1n a prescribed
aspherical shape) formed 1n a virtual aspherical shape which
1s determined by connecting start points of the diffracting
ring-shaped zones 120. In FIGS. 12A and 12B, a two-dot-
dash line indicates an outline of the diffracting ring-shaped
zones 120 concentrically formed in the serrate shape as well-
known and thickened as the zone 1s farther away from the
optical axis L.

In FIGS. 12A and 12B, a solid line indicates an actual lens
shape 1including an outline of a stepwise discontinuous sur-
tace composed of a plurality of steps 131. The steps 131 of the
discontinuous surface are formed on the optical surfaces of

the diffracting ring-shaped zones 120.
Further, 1n FIG. 11 and FIGS. 13 to 16, 1n the same manner

as 1n FIGS. 12A and 12B, the dot-dash line, the two-dot dash
line and the solid line 1ndicate the outlines.

When the refractive index of the objective lens 110 for the
wavelength A2 1s expressed by n, the depth (length in the
direction of the optical axis L) d1 of each step 131 1s approxi-
mately equal to a value of A2/(n-1). Theretfore, the optical
path difference equivalent to one wavelength A2 1s produced
between light beams of the wavelength A2 passing through
cach pair of steps 131 adjacent to each other, and no phase
difference occurs in the light beams of the wavelength A2.

Further, a shape of surfaces 131a of the steps 131 1s
approximately obtained by dividing the surface shape of each
diffracting ring-shaped zone 120 at intervals corresponding to
those of the steps 131 and moving each divided ones 1n the
direction of the optical axis L.

As described above, 1n the objective optical element of the
present invention, the optical path difference giving structure
130 having the steps 131 of the prescribed depth on the optical
functional surface thereof has a function for giving a pre-
scribed optical path difference to light beams passing through
the steps 131 of the objective optical element (the objective
lens 110). Further, the shape of the surfaces 131a of the steps
131 1s formed by dividing the surface shape of each difiract-
ing ring-shaped zone 120 at intervals corresponding to those
of the steps 131 and moving each divided ones in the direction
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of the optical axis L. Therelore, the optical path difference
gving structure 130 has a function for extracting the dii-
fracted light having the maximum difiraction efficiency from
the light beam having the wavelength A1 and the light beam
having the wavelength A2.

For example, when a light beam having the wavelength Al
(650 nm) 1s 1ncident on the objective optical element 110, a
plurality of light beams pass through regions A to E of the
objective optical element 110 respectively. In this case, 780
nm-630 nm=130 nm, that i1s, a phase difference of (35)m
radians 1s substantially given to each light beam. As a result,
the phase of the light having the wavelength Al 1s changed,
and the light 1s diffracted.

In contrast, when light having the wavelength A2 (780 nm)
1s 1ncident on the objective optical element 110, a plurality of
light beams pass through the regions A to E of the objective
optical element 110 respectively. In this case, a phase differ-
ence equivalent to one wavelength A2 1s given to each light
beam. Therefore, the phase difference of the light beams
passing through the regions A to E substantially becomes
zero. Accordingly, the light having the wavelength A2 1s not
substantially diffracted in the optical path difference giving
structure 130 but 1s transmitted through the optical path dif-
ference giving structure 130.

[l

In this embodiment, as described above, the depth (length
in the direction of the optical axis) d1 of each step 131 1s set
to a length corresponding to the optical path difference
equivalent to one wavelength A2. The shape of the surfaces
131a of the steps 131 1s approximately obtained by dividing
the surface shape of one diffracting ring-shaped zone 120 at
intervals corresponding to those of the steps 131 and moving
the divided ones 1n the direction of the optical axis L. How-
ever, the depth d1 of each step 131 and the shape of the
surfaces 131a can be appropriately modified according to the
wavelengths of the light beams used for the device.

FIRST EXAMPLE

Next, a first example of the optical pickup device 101 and
the objective optical element 110 described in this embodi-
ment will be explained.

In this example, as shown 1 FIG. 11, the diffracting ring-
shaped zones 120 and the optical path difference giving struc-
ture 130 are provided 1n a region A101 (heremafter, named
“central region A101”) which 1s placed on one optical surface
110a (on the light source side) of the objective lens 110
denoting an objective optical element of a single lens having
both-sided aspherical surfaces and 1s away from the optical

ax1is by a distance equal to or lower than a prescribed height
(1.54 mm or less 1n this example).

Further, the objective lens 110 has no diffracting ring-
shaped zone 120 nor no optical path difference giving struc-
ture 130 1n a range A102 (hereinafter, called “peripheral
region A102”) other than the central region A101 on the
optical surface 110a which 1s on the light source side. There-
fore, the objective lens 110 has a function of a normal refrac-
tive lens 1n the peripheral region A102.

il

il

Each step 131 formed on one diffracting ring-shaped zone
120 1s protruded toward the side of the light source. The
tarther the step 131 1s away from the optical axis L, the more
the step 131 1s protruded toward the light source.

Lens data of the objective lens 110 1s shown 1n Table 13 and
Table 14.
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TABLE 13

First example
f1 = 3.05 mm, 12 = 3.07 mm

NAT =0.60, NA2 =0.50

di ni di ni

1-th surface Ri (655 nm) (655nm) (785 nm) (785 nm)

0 0

1 0 0.0 1.0 0.0 1.0

2 1.90379  1.80000 1.5409 1.80000 1.5372

2' 1.90379  0.00000 1.5409 0.00000 1.5372

3 —-8.26428  1.62791 1.0 1.26273 1.0

4 0 0.6 1.5775 1.2 1.5706

5 o0

Here, di denotes the displacement from the 1-th surface to the

(1+1)-th surface, and d2 'denotes the displacement from the
second surface to the 2’nd surface.

As shown 1n Table 13, in the objective lens 110 of this
example, 1n case of the use reference wavelength A1=655 nm,
the focal length 1=3.05 nm and the image side numerical

aperture NA=0.60 are set. In case of the use reference wave-
length A2=7835 nm, the focal length 1=3.07 nm and the 1mage
side numerical aperture NA=0.50 are set.

The second surface 1n Table 13 denotes the optical surface
110a of the objective lens 110 on the light source side in the
central region A101 less than the height h of 1.544 mm from
the optical axis L. The 2’nd surface in Table 13 denotes the
optical surface 110a of the objective lens 110 on the light
source side 1n the peripheral region A102 equal to or more
than the height h of 1.544 mm from the optical axis L. The
third surface 1n Table 13 denotes the optical surtace 106 of the
objective lens 110 on the side of the optical information
recording medium. The fourth surface denotes the surface of
the protect substrate of the optical information recording
medium 102 or 104. The fifth surface denotes the information
record plane 106. Further, R1 denotes a curvature radius, di
denotes the displacement 1n the direction of the optical axis
from the 1-th surface to the (1+1)-th surface, and n1 denotes a
refractive index of each surface.

The second, 2°’nd and third surfaces of the objective lens
110 are defined 1n a mathematical formula, are obtained by
substituting coetlicients shown 1n Tables 13 and 14 into a
following aspherical shape formula (4), and are respectively
formed 1n an aspherical shape 1n axially symmetric with
respect to the optical axis L.

(Aspherical Shape Formula)

(H2 ] R) & (4)

+2A25h2£
L+ 1= (1 +K)(h/R?

=0

X(h) =

Here, X(h) denotes an axis in the direction of the optical axis
L (the propagating direction of light 1s positive), Kk denotes a
conic constant, and A, denotes coellicients of the aspherical
surfaces.
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TABLE 14

Aspherical surface data

Second surface (O = h < 1.54 mm)

Coeflicients of aspherical surface

K=-6.6055x 107"}

Ad =+1.9581 x 10~

A6 =+5.5582 x 1074

A8 =-7.0876 x 10~

Al0 =49.9597 x 1076

Al2 =+1.3026 x 10~

Ald =-4.3527 x 107°

Coeflicients of optical path difference function
(reference wavelength: 785 nm)

B4 =-3.1976 x 1074
B6 =-4.4614 x 107
B8 = +4.0326 x 107°
B10=-1.2103 x 107°
2' nd surface (1.54 mm = h)
Coeflicients of aspherical surface

K =-6.6055x 1071
Ad =+1.9581 x 10~
A6 =+5.5582 x 10~
AR =-7.0876 x 10~

h s W

A10 = 49.9597 x 107°
Al2 =+1.3026 x 10
Ald =-4.3527x 107°

Third surface
Coeflicients of aspherical surface

K =-3.6454 x 10*1

Ad =+4.9302 x 1072
A6 =+6.5608 x 10~
A8 =-3.9703 x 107
Al0=-9.3653 x 107
Al2 =+3.8558 x 107
Ald =-3.5658 x 107°

Further, the pitch of the diffracting ring-shaped zones 120
1s determined 1n a mathematical formula and 1s obtained by
substituting coeflficients shown 1n Table 14 mto a following
optical path difference function (5).

(Optical Path Difference Function)

5 | (3)
¢ (h) = Z Baih*
=0

‘erence func-

Here, B, 1s coellicients of the optical path di
tion.

Moreover, an optical path difference of the light beam
having the wavelength A1 or A2 at an arbitrary height h from
the optical axis L 1s expressed 1n a following optical path
difference expression formula (6).

(Optical Path Ditterence Expression Formula)

¢’ (h) = (6)

N x MOD{$(h) /A} — p X INT[M x MODI{é(h) / A}] x % X j___ll

h: height from optical axis

A, aspherical coefficients

B, .: coelficients of optical path difference function
MOD: decimal fraction of a numeral

INT: integer of a numeral
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A: reference wavelength

n: refractive index at reference wavelength
AM: wavelength 1 a range of A1£30 nm or A2+30 nm
n: refractive index at A1

p: a prescribed integer (optical path difference per one step
expressed by a unit of A)

N: diffraction order

M: the number of divided surfaces in one diffracting ring-
shaped zone (the number of steps)

Further, values of A1, p, N and M are shown in Table 15

TABLE 15

Values of A1, p. N and M 1n examples

1st Example 2nd Example 3rd Example
A 785 nm 655 nm 655 nm
p 1 1 1
N 1 1 1
M 6 3 3

SECOND EXAMPLE

Next, a second example of the optical pickup device 101
and the objective optical element 110 described in this
embodiment will be explained.

In this example, 1n the same manner as 1n the first example,
as shown 1n FIG. 11, the diffracting ring-shaped zones 120
and the optical path difference giving structure 130 are pro-
vided 1n a central region A101 which 1s placed on the optical
surface 110a (on the light source side) of the objective lens
110 denoting an objective optical element of a single lens
having both-sided aspherical surfaces and 1s away from the
optical axis by a distance of 1.60 mm or less.

Further, the objective lens 110 has no diffracting ring-
shaped zone 120 nor no optical path difference giving struc-
ture 130 in the peripheral region A102. Therefore, the objec-
tive lens 110 has a function of a normal refractive lens in the
peripheral region A102.

Each step 131 formed on one diffracting ring-shaped zone
120 1s protruded toward the side of the light source. The
farther the step 131 1s away from the optical axis L, the more
the step 131 1s protruded toward the light source.

Lens data of the objective lens 110 1s shown in Table 16 and
Table 17.

TABLE 16

Second example
f1 =2.40 mm, 12 = 2.46 mm
NA1 =0.85, NA2 =0.65

d1 ni di ni

1-th surface R1 (405 nm) (405 nm) (655nm) (6355 nm)

0 0 0

1 0 0.0 1.0 0.0 1.0

2 1.58147  3.30000 1.52491 3.33000 1.50673

2 1.58147  0.00000 1.52491 0.00000 1.50673

3 —-1.74478  0.61368 1.0 0.35010 1.0

4 0 0.1 1.61949 0.6 1.57752

5 0

Here, di denotes the displacement from the 1-th surface to the
(1+1)-th surface, and d2' denotes the displacement from the
second surface to the 2'nd surface.
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TABLE 17

Aspherical surface data

Second surface (0 = h < 1.6 mm)

Coeflicients of aspherical surface

K=-8.8074x 107}
Ad =+1.3340x 1072
A6 =+4.8710x 1074
A8 =+9.1829 x 107
Al0=-3.4515x 107
Al2=+1.1204 x 10
Ald=-1.7646 x 107
Al6 =+8.9992 x 1077
AlR =+3.3286 x 1077
A20=-7.1084 x 107S
Coeflicients of optical path difference function
(reference wavelength: 655 nm)

B2=-1.5171 x 107
B4 = -7.7059 x 10~
B6=-1.0015 x 107~
B8 = +2.2614 x 107°
B10 =-7.6248 x 107°
2' nd surface (1.6 mm = h)

Coeflicients of aspherical surface

K=-9.3044 x 107!
Ad =+1.4882 x 1077
A6 =+1.9830x 107°
A8 =+5.3310x 1074
10 =-1.7360 x 107
12 = +6.5343 x 107>
14 =-2.8939 x 107
16 = +8.9992 x 10~/
18 = +3.3286 x 107/
A20=-7.1084 x 1075
Third surface

Coelflicients of aspherical surface

g g e g

K =-2.6543 x 10*!
Ad =+8.7535 x 1072
A6 =-7.0881 x 1072
A8 =+42.0730 x 1077
10 =+4.4173 x 107>
12 =-4.4727 x 107>
14 = +7.6083 x 107
16 =-1.6728 x 107>
18 =+5.9117 x 107
A20=-1.7630 x 107>

g

As shown 1n Table 16, in the objective lens 110 of this
example, 1n case of the use reference wavelength A1=405 nm,
the focal length 1=2.40 nm and the image side numerical
aperture NA=0.85 are set. In case of the use reference wave-
length A2=655 nm, the focal length =2.46 nm and the image
side numerical aperture NA=0.65 are set.

The second, 2'nd and third surfaces of the objective lens
110 are defined 1n a mathematical formula, are obtained by
substituting coetlicients shown in Tables 16 and 17 1nto the
aspherical shape formula (4), and are respectively formed 1n
an aspherical shape 1n axially symmetric with respect to the
optical axis L.

Further, the pitch of the diffracting ring-shaped zones 120
1s determined 1n a mathematical formula, and 1s obtained by
substituting coefficients shown in Table 17 into the optical
path difference tunction (5).

Moreover, an optical path difference of the light beam
having the wavelength A1 or A2 at an arbitrary height h from
the optical axis L 1s expressed in a mathematical formula, and
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1s obtained by substituting coetlicients shown inTable 15 nto
the optical path difference expression formula (6).

THIRD EXAMPLE

Next, a third example of the optical pickup device 101 and
the objective optical element 110 described 1n this embodi-
ment will be explained.

In this example, as shown 1n FIG. 13, the diffracting ring-
shaped zones 120 and the optical path difference giving struc-
ture 130 are provided on one whole optical surface 110a (on
the light source side) of the objective lens 110 denoting an
objective optical element of a single lens having both-sided
aspherical surfaces.

Each step 131 formed on one diffracting ring-shaped zone
120 1s protruded toward the side of the light source. The
tarther the step 131 1s away from the optical axis L, the more
the step 131 1s protruded toward the light source.

Lens data of the objective lens 110 1s shown 1n Table 18 and
Table 19.

TABLE 18

Third example
f1 =2.40 mm, 12 = 2.48 mm
NAL = 0.65, NA2 = 0.65

di ni di ni

1-th surface Ri (405 nm) (405nm) (6535 nm) (655 nm)

() 0 o0

1 e 0.0 1.0 0.0 1.0

2 1.49773  1.55000 1.52491 1.55000 1.50673

3 -5.10465  1.17447 1.0 1.23544 1.0

4 e 0.6 1.61949 0.6 1.57752

5 o0

Here, di denotes the displacement from the 1-th surface to the
(1+1)-th surface.

TABLE 19

Aspherical surface data

Second surface
Coeflicients of aspherical surface

K=-93044 x 107!
A4 =+1.4882x 1
A6 =+1.9830x 1077
A8 =+53310x1
Al10=-1.7360 x 107
Al2 = +6.5343 x 107>
Al4=-2.8939 x 107
Coeflicients of optical path difference function
(reference wavelength: 655 nm)

B2 =-1.5487 x 107
B4 = -8.7629 x 107
B6 =-1.5458 x 107
B8 = +6.8515 x 107
B10=-1.4578 x 107
Third surtace
Coellicients of aspherical surface

K =-2.4454 x 10+
Ad=+1.5290x% 1
A6=+1.4817x 1
A8 =-6.3608 x 1
Al0=+3.0146 x 107>
Al2=-6.6013 x 1074
Ald = +5.7601 x 107

As shown 1n Table 18, in the objective lens 110 of this
example, 1n case of the use reference wavelength A1=405 nm,
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the focal length 1=2.40 nm and the image side numerical
aperture NA=0.635 are set. In case of the use reference wave-
length A2=655 nm, the focal length =2.48 nm and the image
side numerical aperture NA=0.65 are set.

The second and third surfaces of the objective lens 110 are
defined 1n a mathematical formula, are obtained by substitut-
ing coellicients shown 1n Tables 18 and 19 into the aspherical
shape formula (4), and are respectively formed 1n an aspheri-
cal shape 1n axially symmetric with respect to the optical axis
L.

Further, the pitch of the diffracting ring-shaped zones 120
1s determined 1n a mathematical formula, and 1s obtained by
substituting coetlicients shown i Table 19 into the optical
path difference tunction (5).

Moreover, an optical path difference of the light beam
having the wavelength A1 or A2 at an arbitrary height h from
the optical axis L 1s expressed 1n a mathematical formula, and
1s obtained by substituting coetlicients shown in Table 15 into
the optical path difference expression formula (6).

FOURTH EXAMPL.

T

Next, an objective optical element and an optical pickup

device according to a fourth example of the second embodi-
ment of the present invention will be explained with reference
to FIG. 18.
In an optical pickup device 170, a light beam having a
wavelength A1 (=655 nm) 1s emitted from a first semiconduc-
tor laser (light source) 171 to a first optical information
recording medium (DVD 1 this example) 180, and a light
beam having a wavelength A2 (=785 nm) 1s emitted from a
second semiconductor laser (light source) 172 to a second
optical information recording medium (CD 1n this example)
181. Thereatter, these light beams are diverging and incident
on the objective lens (objective optical element) 110 to con-
verge the light beams on information record planes 180a and
181a of the optical information recording media 180 and 181
respectively. Therefore, information 1s recorded on each of
the information record planes 180a and 1814, or information
recorded on each of the information record planes 180a and
181a 1s read out.

Here, the first semiconductor laser 171 and the second
semiconductor laser 172 are arranged as a unit of the light
source. Therefore, in FIG. 18, the light beam having the
wavelength A1 and the light beam having the wavelength A2
emitted from the semiconductor lasers are indicated by the
same solid lines.

When information 1s recorded or reproduced for the DVD
180, the light beam having the wavelength A1 emitted from
the first semiconductor laser 171 1s transmitted through a
diffraction grating 173 and 1s reflected on a half mirror 174.
Thereatter, the light beam having the wavelength Al passes
through a stop 175 and 1s converged on the information record
plane 180a by the objective lens 110 through a protect sub-
strate 1806 of the DVD 180.

Thereatfter, a light beam modulated 1n an information pit of
the mnformation record plane 180q and retlected on the 1nfor-
mation record plane 180q again passes through the objective
lens 110 the stop 175, the half mirror 174 and a diffraction
grating (not shown) and 1s incident on an optical detector 176.
Thereafter, a read-out signal indicating the information
recorded 1 the DVD 180 1s obtained from a signal output
from the optical detector 176.

When 1mnformation 1s recorded or reproduced for the CD
181, 1n the same manner, the light beam having the wave-
length A2 emitted from the second semiconductor laser 172 1s
transmitted through the diffraction grating 173 and 1s
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reflected on the half mirror 174. Thereatter, the light beam
having the wavelength A2 1s stopped down by the stop 175 and
1s converged on the information record plane 181a by the
objective lens 110 through a protect substrate 1815 of the CD
181. Here, in FIG. 18, for convenience, the protect substrate
1815 of the CD 181 and the protect substrate 18056 of the DVD
180 are indicated by the same drawing.

Thereatter, a light beam modulated 1n an information pit of
the mnformation record plane 181¢a and retflected on the infor-
mation record plane 181a again passes through the objective
lens 110 the stop 175, the half mirror 174 and a diffraction
grating (not shown) and 1s incident on the optical detector
176. Thereatter, a read-out signal indicating the information
recorded 1n the CD 181 1s obtained from a signal output from
the optical detector 176.

Further, a change of the shape of a spot of light formed on
the information record plane 180a or 181a and a change of the
amount of light on the information pit due to a positional
change of the light are detected 1n the optical detector 176 to
perform the focusing detection and the tracking detection.
Thereatter, the objective lens 110 1s moved by a two-dimen-
sional actuator (not shown) according to the detection result
to make the light beam emitted from the first semiconductor
laser 171 or the second semiconductor laser 172 form an
image on the information record plane 180a or 1814 of the

DVD 180 or the CD 181 and form the 1image on a prescribed
track.

As shown 1n FIG. 16, the objective lens 110, formed of a
single lens having two aspherical surfaces and functioning as
an objective optical element, has the diffracting ring-shaped
zones 120 and the optical path difference giving structure 130
in the central region A101 less than the height of 1.53 mm
from the optical axis L on the optical surface 110a placed on
one side (light source side) of the objective lens 110.

In each diffracting ring-shaped zone 120, the farther each
step 131 1s away from the optical axis L, the deeper the step
131 1s fallen 1n the 1nside of the objective lens 110.

The depth d1 (length 1n the direction of the optical axis) of
cach step 131 1s set to produce an optical path difference of
one wavelength A2. In detail, the optical path difference of
two wavelengths A2 1s produced between two light beams
respectively passing through each pair of steps 131 adjacent
to each other, and no phase difference occurs between the

light beams.

Further, the objective lens 110 has a plurality of diffracting
ring-shaped zones 140 formed 1n the serrate shape in the
peripheral region A102. The diffracting ring-shaped zones
140 are set on condition that the diffraction efficiency of the
1st order diffracted light of the light beam having the wave-
length A1, which passes through the peripheral region A102,
becomes approximately 100%.

Lens data of the objective lens 110 1s shown 1n Table 20 and
Table 21.

TABLE 20

Fourth example
Focal length: f1 = 2.85 mm, {2 = 2.87 mm

Numerical aperture: NA1 = 0.60, NA2 = 0.47
Magnification in image formation: m = -1/8.0, m = -1/&.1

di ni di ni
1-th surface Ri (655 nm) (655nm) (785 nm) (785 nm)
0 10.0 10.0
1 e 1.25 1.51436 1.25 1.51108
2 e 14.32983 1.0 14.69831 1.0
3 1.96270 2.00000  1.52915 2.00000  1.52541
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TABLE 20-continued

Fourth example
Focal length: 1 = 2.85 mm, {2 = 2.87 mm

Numerical aperture: NA1 = 0.60, NA2 =0.47
Magnification in image formation: m =-1/8.0, m =-1/8.1

di ni di ni
1-th surface Ri (655 nm) (655nm) (785 nm) (785 nm)
3 1.89863  0.01902 1.52915 0.01902 1.52541
4 -4.18241  1.82034 1.0 1.45169 1.0
5 0 0.60 1.57752 1.20 1.57063
6 o0

Here, di denotes the displacement from the 1-th surface to the
(1+1)-th surface, and d3' denotes the displacement from third
surface to the 3'rd surface.

TABLE 21

Aspherical surface data

Third surface (O = h < 1.53 mm)
Coetlicients of aspherical surface

K =-5.0059 x 1071

A4 =+79575x 107~

A6 =-7.8693 x 1074

A8 =+1.5920 x 107

Al0=-3.9369 x 107

Al2 =+42.0484 x 107°

Al4=-1.39210x 10°°
Coeflicients of optical path difference function

(reference wavelength: 785 nm)

B2=+2.2104 x 1074
B4 =+1.0317 x 1073
B6 =-4.0380 x 107°
B8 = +2.8081 x 107
B10 =-3.0709 x 107°
3' rd surface (1.53 mm = h)

Coeflicients of aspherical surface

K=-6.2883 x 1071

A4 =-5.1398 x 1077
A6=-1.1353x 1073

A8 =+2.8133 x 107

Al0 =+48.1535x 107
Al2=-1.2876 x 10~
Ald=-2.7584 x 107°

Coeflicients of optical path difference function
(reference wavelength: 655 nm)

B2 =+1.9163 x 1072
B4 =-1.0423 x 1072
B6 = +5.0497 x 1074
B8 = +5.7635 x 107~
B10 =-8.9447 x 107
Fourth surface
Coellicients of aspherical surface

K=-2.0796 x 10*!

Ad=+1.1878 x 1077
A6 =+1.4087 x 10~
A8 =-7.1284 x 107
Al0=-1.5580 x 107
Al2 =+4.4903 x 107
Ald =-6.4634 x 107°

As shown 1n Table 20, in the objective lens 110 of this
example, 1n case of the first wavelength A1=635 nm, the focal
length 1=2.85 nm, the 1mage side numerical aperture
NA=0.60 and magnification m=-1/8.0 are set. In case of the
second wavelength A2=785 nm, the focal length 1=2.87 nm,
the 1image side numerical aperture NA=0.47 and the magni-
fication m=-1/8.1 are set.
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In Table 20, surface No. 1 and 2 respectively indicate a
surface of the diffraction grating 173 on the light source side
and a surface of the diffraction grating 173 on the optical
information recording medium side. Surface No. 3, 3' and 4
respectively 1ndicate an optical surface of a central region
A101 and an optical surface of a peripheral region A102 1n the
objective lens 110 on the light source side, and an optical
surface of the objective lens 110 on the optical information
recording medium side. The central region A101 1s defined as
a region 1n which a height h from the optical axis 1s equal to
or lower than 1.53 mm. The peripheral region A102 1s defined
as a region 1n which a height h from the optical axis 1s higher
than 1.53 mm. Surface No. 5 and 6 respectively indicate a

il

surface of the protect substrate 1806 or 1815 and the infor-
mation recording surface 180a or 181a 1n the optical infor-
mation recording medium. Further, Ri1 indicates a curvature
radius, di indicates a displacement from the 1-th surface to
1+1-th surface 1n the direction L of the optical axis, and ni

indicates a refractive index of the 1-th surtace.

The third surface, the 3'rd surface and the fourth surface of
the objective lens 110 are defined 1n a mathematical formula
and are obtained by substituting the coellicients indicated 1n
Tables 20 and 21 1nto the formula (4). Each surtace 1s formed
in an aspherical shape 1n axially symmetric with respect to the
optical axis L.

Further, the pitch of the diffracting ring-shaped zones 1s
defined 1n a mathematical formula and 1s obtained by substi-
tuting the coelficients indicated 1n Table 21 into the optical
path difference function of the formula (3).

Moreover, the optical path difference in the light beam
having the wavelength A1 or A2 at an arbitrary height from the
optical axis 1s expressed in a mathematical formula and 1s
obtained by substituting the coellicients indicated in Table 22
into the formula (6).

TABLE 22
Al 785 nm
P -1
N 1
M 4

The objective optical element according to the present
invention 1s not limited to those of the Examples 1 to 3, and
the objective optical element shown 1n FIG. 14 or FIG. 15 1s
applicable.

As compared with the objective optical elements of the
Examples 1 and 2, the objective optical element shown 1n
FIG. 14 comprises a plurality of diffracting ring-shaped zones
120 and an optical path difference giving structure 130 1n the
central region A101 on one optical surface 110qa of the objec-
tive lens 110 (on the light source side) acting as an objective
optical element of a single lens with two aspherical surfaces.
The peripheral region A102 on the optical surtace 110a of the
objective lens 110 functions as a normal diffractive lens in the
same manner as those 1n the Examples 1 and 2. However, 1n
cach diffracting ring-shaped zone 120, the farther the step 131
1s away from the optical axis L, the more the step 131 is
protruded toward the optical information recording medium.
That 1s, the farther the step 131 1s away from the optical axis
L, the deeper the step 131 1s fallen 1n the mside of the objec-
tive lens 110.

As compared with the objective optical elements of the
Examples 1 and 2, the objective optical element shown 1n
FIG. 15 comprises the diffracting ring-shaped zones 120 and
the optical path difference giving structure 130 in the central
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region A101 on the optical surface 110qa of the objective lens
110 (on the light source side) acting as an objective optical
clement of a single lens with two aspherical surfaces, in the
same manner as those 1n the Examples 1 and 2. However, the
objective optical element shown 1n FIG. 15 further comprises
a plurality of diffracting ring-shaped zones 140 formed 1n a
serrate shape 1n the peripheral region A102.

Further, in the objective lens 110 shown in FI1G. 12, a shape
of surfaces 131a of the steps 131 1s approximately obtained
by dividing the surface shape of each diffracting ring-shaped
zone 120 at intervals corresponding to the steps 131 and
moving the divided ones in the direction of the optical axis L.
However, the present mvention i1s not limited to this. For
example, an optical path difference giving structure shown in
FIG. 17 1s applicable. In detail, surfaces of a plurality of
diffracting ring-shaped zones are defined by a discontinuous
surface 50 formed 1n a stepped shape along the direction of
the optical axis, the discontinuous surface 150 1s divided at
intervals corresponding to steps 131, and each divided surface
1s moved 1n the direction of the optical axis L to form surfaces
131a of the steps 131. The steps 131 have the function for
grving the optical path difference.

As described above, 1n the objective optical element
according to the present invention, the plurality of diffracting
ring-shaped zones arranged around the optical axis are
formed at least on a part of the optical functional surface
formed 1n the aspherical shape, and the optical path difference
giving structure having the stepped discontinuous surface 1s
formed on the optical surfaces of the diffracting ring-shaped
zones so as to give a prescribed optical path difference for
light beams passing through the steps of each diffracting
ring-shaped zone.

According to the embodiment, because the diffraction
order of the light beam having each wavelength can be sub-
stantially changed by two stages of the diffracting ring-
shaped zones of the objective optical element and the optical
path difference giving structure, diffracted light having a
suificient amount of light corresponding to each type of the
optical information recording medium can be obtained by
appropriately changing the diffraction order of each light
beam. Further, the degree of freedom in the design for the
diffraction efliciency or the diffraction order can be
increased.

The entire disclosure of Japanese Patent Applications No.
Tokugan 2002-287268 filed on Sep. 30, 2002, No. Tokugan

2002-291399 filed on Oct. 3, 2002, No. Tokugan 2002-
323414 filed on Nov. 7, 2002 and No. Tokugan 2002-323418
filed on Nov. 7, 2002 including specification, claims, draw-
ings and summary are incorporated herein by reference 1n 1ts
entirety.

What is claimed 1s:

1. An optical element of an optical pickup device for at least
one of reproducing and recording information on a first opti-
cal information recording medium having a protect substrate
thickness t1 by using a light beam having a first wavelength
A1 emitted from a first light source, and for at least one of
reproducing and recording information on a second optical
information recording medium having a protect substrate
thickness 12 (t2=t1) by using a light beam having a second
wavelength A2 (A2>A1) emitted from a second light source,
comprising;

an optical surface comprising a central region arranged

around the optical axis and formed 1n an approximately
circular shape, and a peripheral region arranged at a
periphery of the central region;

a diffractive structure having a plurality of diffracting ring-

shaped zones arranged around an optical axis on at least
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one optical surface, the diffractive structure being pro-
vided 1n the central region; and

an optical path difference giving structure for giving a
prescribed optical path difference to a prescribed light
beam passing through the diffracting ring-shaped zones,
the optical path difference giving structure being pro-
vided in the central region,

wherein the first wavelength Al satisfies:

370 nm<Al <430 nm,

L] it

wherein the difiractive structure emits an L-th (LL=0) order
diffracted light with a larger light amount than any other
diffractive light, when the light beam having the first
wavelength Al passes through the diffractive structure,
which emits an M-th (M=0) order difiracted light with a
larger light amount than any other diffractive light, when
the light beam having the second wavelength A2 passes
through the diffractive structure, and

wherein the optical path difference giving structure is
superimposed on the diffractive structure so that at least
one stepped shape of the optical path difference giving
structure 1s disposed on the optical surfaces of each of
the plurality of diflracting ring-shaped zones.

2. The optical element of claim 1, wherein as compared
with the diffractive structure when the optical path difference
gving structure 1s not provided on the optical surface of the
diffractive structure, the optical path difference giving struc-
ture lowers an absolute value of an optical phase difference
between the L-th order diffracted light of the light beam
having the first wavelength A1 and the M-th order diffracted
light of the light beam having the second wavelength A2 by
changing a phase of at least one of the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
ond wavelength A2, the L-th order diffracted light and the
M-th order diffracted light being caused by the diffractive
structure.

3. The optical element of claim 1, wherein as compared
with the diffractive structure when the optical path difference
giving structure 1s not provided on the optical surface of the
diffractive structure, the optical path difference giving struc-
ture lowers an absolute value of an optical phase difference
between the L-th order diffracted light of the light beam
having the first wavelength A1 and the M-th order diffracted
light of the light beam having the second wavelength A2 by
substantially giving no change of a phase of one of the L-th
order diffracted light of the light beam having the first wave-
length A1 and the M-th order diffracted light of the light beam
having the second wavelength A2 and by giving a phase
difference to the other of the L-th order diffracted light of the
light beam having the first wavelength A1 and the M-th order
diffracted light having the light beam having the second
wavelength A2, the L-th order diffracted light and the M-th
order diffracted light being caused by the diffractive struc-
ture.

4. The optical element of claim 1, wherein as compared
with the diffractive structure when the optical path difference
grving structure 1s not provided on the optical surface of the
diffractive structure, the optical path difference giving struc-
ture lowers an absolute value of an optical phase difference
between the L-th order diffracted light of the light beam
having the first wavelength A1 and the M-th order diffracted
hght of the light beam having the second wavelength A2 by
gving a phase difference to both the L-th order diffracted
light of the light beam having the first wavelength A1 and the
M-th order diffracted light of the light beam having the sec-
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ond wavelength A2, the L-th order diffracted light and the
M-th order diffracted light being caused by the diffractive
structure.

5. The optical element of claim 1, wherein as compared
with the diffractive structure when the optical path difference
grving structure 1s not provided on the optical surface of the
diffractive structure, the optical path difference gwmg struc-
ture lowers an absolute value of an optical phase difference
between the L-th order diffracted light of the light beam
having the first wavelength A1 and the M-th order diffracted
light of the light beam having the second wavelength A2 by
gving an optical path difference approximately equal to an
integral multiple having the first wavelength Al to the L-th
order diffracted light of the light beam having the first wave-
length A1 to substantially give no change of a phase difference
generated by the diffractive structure and by giving an optical
path difference not equal to an integral multiple having the
second wavelength A2 to the M-th order diffracted light of the
light beam having the second wavelength A2.

6. The optical element of claim 1, wherein the optical path
difference giving structure sets the absolute value of the opti-

L] it

cal phase difference to a value lower than 0.6 radians.

7. The optical element of claim 1, wherein the diffractive
structure 1s a 111

serrate shape, and the optical path difference
grving structure 1s a stepped shape.

8. The optical element of claim 1, wherein the diffractive
structure 1s a stepped shape, and the optical path difference
grving structure 1s a stepped shape.

9. The optical element of claim 1, wheren a diffractive
structure formed 1n a serrate shape 1s provided in the periph-
eral region.

10. The optical element of claim 1, wherein an optical path
difference giving structure 1s provided in the peripheral
region.

11. The optical element of claim 1, wherein a refractive

structure for refracting a light beam 1s arranged 1n the periph-
cral region.

12. The optical element of claim 1, wherein L=M 1s satis-

fied.

13. The optical element of claim 1, wherein L=M=1 1s
satisiied.

14. The optical element of claim 7, wherein the number of
the discontinuous surfaces which are formed 1n a stepped
shape along a direction of the optical axis and composes the
optical path difference giving structure, 1s 2 or 3.

15. The optical element of claim 1, wherein the second
wavelength A2 satisties:

620 nm<Ai2 <680 nm.

16. The optical element of claim 1, wherein the diffractive
structure sets a sum of a diffraction efficiency of the L-th
order difIracted light of the light beam having the first wave-
length A1 and a diffraction efficiency of the M-th order dii-
fracted light of the light beam having the second wavelength
A2 to 170% or less, and the optical path difference giving
structure heightens the sum of the diffraction efficiency of the
L-th order diffracted light of the light beam having the first
wavelength A1 and the diffraction efficiency of the M-th order
diffracted light of the light beam having the second wave-

length A2 by 10% or more.

17. The optical element of claim 1, wherein the optical path
difference giving structure gives an optical path difference to
the diffracted light so that a —-N-th order difiracted light of the
light beam having the first wavelength A1 has a maximum
diffraction efficiency and so that a (—N+1)-th order difiracted
light of the light beam having the second wavelength A2 or a
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(-N-1)-th order diffracted light of the light beam having the
second wavelength A2 has a maximum diffraction efficiency.

18. The optical element of claim 1, wherein the number of
diffracting ring-shaped zones 1s from 3 to 20.

19. The optical element of claim 1, wherein the optical path
difference giving structure gives an optical path difference
equal to an mtegral multiple of the second wavelength A2 to
the light beam having the second wavelength A2.

20. The optical element of claim 1, wherein the optical
clement 1s an objective optical element.

21. The optical element of claim 17, wherein L=M 1s sat-
1sfied.

22. The optical element of claim 17, wherein L=N 1s sat-
1sfied.

23. The optical element of claim 17, wherein M=N 1s
satisfied.

24. The optical element of claim 17, wherein L=M=N 1s
satisfied.

25. The optical element of claim 17, wherein the light beam
having the first wavelength A1 and the light beam having the
second wavelength A2 are respectively incident on the optical
surface as a diverging light beam, and the light beam having
the first wavelength A1 and the light beam having the second
wavelength A2 are converged on a prescribed optical infor-
mation recording medium 1n a condition that at least one of a
spherical aberration and a wave front aberration are corrected.

26. An optical pickup device for at least one of reproducing,
and recording information on a first optical information
recording medium having a protect substrate thickness t1 by
using a light beam having a first wavelength A1 emitted from
a first light source, and for at least one of reproducing and
recording information on a second optical 1nformation
recording medium having a protect substrate thickness 12
(t2=t1) by using a light beam having a second wavelength A2
(A2>A1) emitted from a second light source, the optical
pickup device comprising:

a plurality of optical elements;

wherein at least one of the optical elements comprises:

an optical surface comprising a central region arranged
around the optical axis and formed 1n an approxi-
mately circular shape, and a peripheral region
arranged at a periphery of the central region;

a diffractive structure having a plurality of diffracting
ring-shaped zones arranged around an optical axis on
at least an optical surface, the diffractive structure
being provided 1n the central region; and

an optical path difference glvmg structure for giving a
prescribed optlcal path differenceto a prescnbed light
beam passing through the diffracting ring-shaped
zones, the optical path difference giving structure
being provided 1n the central region,

wherein the first wavelength Al satisfies:

370 nm=A1=430 nm,

wherein the diffractive structure emits an L-th (L=0)
order diffracted light with a larger light amount than
any other diffractive light, when the light beam having
the first wavelength Al passes through the diffractive
structure, which emits an M-th (M=0) order diffracted
light with a larger light amount than any other difirac-
tive light, when the light beam having the second
wavelength A2 passes through the diffractive struc-
ture, and

wherein the optical path difference giving structure 1s
superimposed on the diffractive structure so that at
least one stepped shape of the optical path difference
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giving structure 1s disposed on the optical surfaces of
cach of the plurality of diffracting ring-shaped zones.

27. The optical pickup device of claim 26, wherein as
compared with the diffractive structure when the optical path
difference giving structure is not provided on the optical
surface of the diffractive structure, the optical path difference
giving structure lowers an absolute value of an optical phase
difference between the L-th order diffracted light of the light
beam having the first wavelength A1 and the M-th order
diffracted light of the light beam having the second wave-
length A2 by changing a phase of at least one of the L-th order

diffracted light of the light beam having the first wavelength
A1 and the M-th order diffracted light of the light beam having,

the second wavelength A2, the L-th order difiracted light and

the M-th order diffracted light being caused by the diffractive
structure.

28. The optical pickup device of claim 27, wherein infor-
mation 1s at least one of reproduced and recorded for a third
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optical information recording medium having a protect sub-
strate thickness t3 (t3>t2) by using a light beam having a third
wavelength A3 (A3>A2) emitted from a third light source.

29. The optical pickup device of claim 26, wherein the
optical path difference giving structure gives an optical path
difference to the difiracted light so that a —IN-th order dii-
tracted light of the light beam having the first wavelength Al
has a maximum diffraction efficiency and so that a (=N +1 )-th
order diffracted light of the light beam having the second
wavelength A2 or a (-N-1)-th order diffracted light of the
light beam having the second wavelength A2 has a maximum
diffraction efficiency.

30. The optical pickup device of claim 29, wherein infor-
mation 1s at least one of reproduced and recorded for a third
optical information recording medium having a protect sub-
strate thickness t3 (t3>t2) by using a light beam having a third
wavelength A3 (A3>A2) emitted from a third light source.
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